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I NTRODUCTI ON 
Env i ronmenta l  mod i fi cat i on i n  confi ned l i ve stock  hou s i ng presents 
i tsel f as one mean s  of i ncreas i ng producti on , an i ma l  feed and space 
uti l i za t i on effi c i ency and of conta i n i ng l i vestock  waste s . Tota l 
resource opt im i za t i on for l i vestock  hous i ng i n vol ves ba l anc i ng cos ts of 
envi ronment contro l  wi th the correspond i ng effects on l i ve s tock  produc­
t i on .  Optimi za t i on o f  the envi ronment modi fi cati on system for spec i fi c  
degrees of env i ronmenta l control  i s  an  i mportant  s tep towards i deal i zed 
l i vestock  hous i ng des i gn .  
Determi nat i on of the most  effi c i ent  comb i na t i on of i ns u l at i on , 
vent i l at i on ,  s uppl emental  heat i ng and s tructura l  geometry for spec i fi c  
c l imates  a n d  l i ve s tock  operati on s  i s  neces sary for optimi zi ng  env i ron­
menta l mod i fi cati on system des i gn .  Research concern i ng the heati ng and 
vent i l at i ng energy requ i rements of l i vestock hous i ng for s pec i fi c  
env i ronments and c l i ma tes  i s  i ncompl ete . Prototype l i ve stock  hou s i ng 
sys tem test i ng to determi ne the bes t  combi nat i on of  i n s u l at i on , venti ­
l at i on , heat i n g  and  geometry for a l l ant i c i pated c l i mates , l i vestock 
envi ronments and l i ve s tock operati ons i s  v i rtual l y  i mpos s i bl e .  One 
a l ternat i ve i s  to mathemat i ca l l y  s i mu l ate energy requ i rements  for 
d i fferent  degrees of envi ronmenta l control i n  l i vestock  hous i ng .  The 
d i g i ta l  computer has proven to be a va l uabl e tool for t h i s k i n d  of 
s i mu l ati on . 
Computer s i mu l ati on requ i res theoreti ca l  and  empi r i ca l  mathe­
mat i cal  re l at i on s h i ps descri b i ng d i fferent aspects o f  heat and mo i sture 
transfer  for l i ves tock  confi nement bu i l d i ng s . Rel a t i on s h i ps w i th 
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var ious  degrees of soph i st i cation exi s t  that adeq uate l y  descri be these 
heat and  mo i sture transfers . Us i ng these rel a t i ons h i ps wi th c l imat i c  
data , envi ronmental  requ i rements, constructi on characteri st i cs , materi a l  
propert i es a n d  economi c data , a computer techn i que  c a n  b e  devel oped to 
mathema t i ca l l y  model  energy requ i rements for operati ng  confi nement 
l i vestock env i ronments . Th i s techn i que s hou l d base  vent i l at i on rates 
on mo i sture remova l , temperature control and an ima l  comfort cri teri a  to 
mi n i mi ze  unneces sary energy con sumpti on . However , no s uc h  computer 
model current l y  exi sts that determi nes and empl oys optima l  vent i l ati on 
rates i n  the s imul at ion  of the trans i ent heat transfers for l i vestock 
systems i n  spec i fi c  c l i mati c reg i ons . 
Therefore a research  project was i ni t i ated to mathemati ca l l y  
s i mu l ate energy transfers for confi nement l i vestock hous i ng wi th  the 
fol l owi ng objecti ves: 
1 )  Deve l op a genera l i zed computer program for opt i mi z i ng 
envi ronmental modi fi cat i on systems i n  confi nemen t  l i vestock 
hou s i ng .  
2) Determi ne heat i ng , i n su l ati on and venti l at i on recommendati ons 
ba sed on c l imati c condi ti ons and l i vestoc k operati on systems . 
3) Eval uate model  performance for se l ected l i vestock types , 
a n ima l  dens i t ie s , degrees of env i ronmenta l control  and 
a ni ma l  numbers .  
REVIEW OF LITERATURE 
Controlled Environment Livestock Housing 
Confinement, envtronmentally controlled livestock housing is one 
method for potentially increasing feed and space utilization effi­
ciency, providing an opportunity for mechanization and automation, and 
aiding in control of anima l wastes. Prototype comparisons of warm 
slotted floor, cold slotted floor, manure scrape, conventional and open 
lot beef housing at the University of Minnesota's West Central 
Experiment Static�, Smith, Hanke and Linder ( 1 7 ) , indicate that confine­
ment systems can be profitable and economically competitive under . 
proper management. Warm confinement housing demonstrated feed effi­
ciency improvements ran g in g from 2 to 16%) the highest rate of daily 
gain, and the lowest labor costs. 
A comparison of beef housing conducted in southern Michigan by 
Hughes, Holtman and Conner (11), revealed that the fuel requirement to 
produce and transport feed for confinement housing was nine-tenths of 
that required for open lots. Furthermore, land, labor, capital outlay 
and annual costs per unit gain were higher in each case for the open 
lot than for the confinement housing. 
Feed efficiency and daily rate of gain analyses of beef, pork and 
broiler production indicate improvements resulting from controlling 
inside temperature, Teter, Deshazer and Thompson (18, 19� 20) .. 
ASAE (3 )  data on beef, pork and broiler production corroborate these 
findings. Feed efficiency and daily rate of gain are improved· by 
maintaining temperature within appropriate livestock comfort ranges. 
Ma i n tenance of thermal comfort ranges i n  mos t  c l i mates requ i res 
cons i derabl e energy for heati ng and/or cool i ng , wh i ch can be reduced 
through proper i n s u l at i on and venti l at i on . The Mi dwest  P l an  Serv i ce 
( 1 5 ) , recommends  i ns u l at i ng l i vestock confi nement bu i l d i ng s  to conserve 
heat i n  col d  weather , reduce heat ga i n  i n  hot weather , contro l  water 
vapor condensat i on , and to reduce frost heave . Mi l d  c l imate therma l 
res i stances of 9 and  1 2  hr-sq ft-°F/BTU for wa l l s  and  cei l i ng , respec ­
t i ve l y , a nd co l d  c l i mate res i stances of 14  and  2 3 , respecti vel y ,  are 
s uggested . 
Proper venti l at i on system des i gn i nvol ves determi n i ng the i deal 
a i r  fl ow rate and  ensuri ng good d i stri bution  of  th i s a i r .  The Mi dwest 
P l an  Serv i ce ( 1 5 ) , l i sts  three venti l ati on rate determi n i ng reg i ons  
based on operati ng  cond i ti on s . When suppl ementa l heati ng i s  requ i red 
or when i ns i de temperature i s  be l ow opti mum , the i dea l vent i l ati on rate 
i s  tha t  requ i red for mo i sture remova l .  Temperature control  venti l ati on 
s hou l d  be u sed , i f  i n s i de temperature i s  at or  a bove optimum and  i f  
temperature contro l  vent i l at i on i s  pos s i bl e .  An i ma l  comfort determi nes 
the appropri ate ven t i l ation rate as amb i ent  temperature approaches or 
exceeds optimum i ns i de temperature , thereby ma ki ng  i t  i mpract i cal  or 
imposs i bl e  to vent i l ate for temperature control . The Mi dwest  Pl an 
Serv i ce ( 1 5 )  spec i fi es methods for ca l cu l at i ng the mo i s ture and tem­
perature control venti l at ion rates and recommends s pec i fi c  a n imal 
comfort venti l at i on rates . 
4 . 
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Heat and  Moi s ture Transfer i n  Control l ed Envi ronment L i ves tock Hous i ng 
Rel ati onshi ps that quanti tat i vel y descri be heat and  mas s  transfer 
by the vari ous  modes that  occur in a l i vestock confi nement s tructure 
are ava i l abl e .  Fouri er devel oped the d i fferenti a l  equati on , whi ch , 
combi ned wi th materi a l properti es data , pred i cts conducti on heat 
transfer and heat s torage based on temperature d i fferences , Krei th ( 13) . 
Convecti on - rad i at ion heat transfer constants and  the s teady s tate 
conducti on equat i on deri ved from Fouri er's theoreti ca l  equati on deter­
mi ne s teady s ta te conduct i on - convect ion - rad i at i on  heat  transfers 
for the bu i l d i ng s u rfaces . Vent i l ati on heat  trans fer can be cal cul ated 
u s i ng the mas s  a i r fl ow rate and t he psychrometri c propert i e s  of the 
i ns i de and outs i de a i r ,  Threl kel d  ( 2 1 ) . Emp i ri ca l  methods for esti ­
mat i ng i nfi l tra t i on heat  transfer have been devel oped , ASHRAE (4), 
Ca l orimetry data and rel at ion s h i ps for determi n i ng l i vestoc k heat and 
mo i s ture producti on for spec i fi c  envi ronments a re ava i l abl e ,  ASAE (3) . 
The ASHRAE (4) has publ i s hed cl ima ti c  data and so l i d  geometry rel ati on ­
s h i ps tha t  a l l ow determi nati on of the so l ar energy i nc i dent on di ffer­
ent ly  ori ented s urfaces . ·  Conducti on - convect i on - rad i at ion equati ons 
and materi a l  propert i es  determi ne the quanti ty of  th i s so l ar ·energy 
trans ferred to the structura l  cavi ty .  
Mode l s for predi cti ng l i vestock  envi ronment based on the i nte­
grati on of  these heat transfer rel ati ons h i ps have been devel oped . 
Pri or to the advent of the d i g i ta l  computer , tran s i en t  or peri odi c 
methods of  ana l yzi ng l i ves tock  env i ronments were not emp l oyed due to 
the comp l exi ty and  number of equat i on s .  Pred i ct i ons  of therma l 
env i ronmenta l  cond i ti ons  i n  l i vestock confi nement  bu i l d i ng s  u sed s teady 
s tate rel at ionsh i ps . More recentl y computer techn i ques combi n i ng the 
phys i ca l  l aws of heat and mass  transfer , materi a l  and  construct ion 
types , and  the prev i ou s l y  c i ted heat transfer  rel at i ons h i ps have 
resu l ted i n  the devel opment of trans i ent or peri od i c l i vestoc k envi ron ­
ment  s imul a t i ons . These s i mul at ions  provi de a more rea l i s t i c  represen ­
tat i on o f  the factors affecti ng envi ronmenta l  cond i t i on s  and thei r 
effects , A l bri ght and Scott ( 1 ) . 
Jordan , Barwi c k  and DeS hazer ( 12 )  presented a Fouri er ser i es l i ve­
s toc k envi ronment  model con s i deri ng conducti on , venti l at i on , therma l 
s torage·and l i vestock heat producti on energy transfer . Th i s  model 
predi cted i ns i de temperature fl uctuati on,  and demonstrated the uti l i ty 
of a Fouri er seri es  amb i ent  temperature s imu l at i on ,  wh i ch wi l l  be 
d i scus sed l ater . An open form sol uti on i s  prov i ded and an  anal og 
c omputer i s  ut i l i zed to  determi ne thi s sol uti on .  Th i s  was one of the 
fi rst  model s to con s i der the peri odi c nature of temperature i n  deter­
mi n i ng t he heat storage effect in  l i ves tock structures . 
Wi l s on ( 22 )  devel oped a fi n i te d i fference s ol ut i on ,  c ons i deri ng  
conduct i on , storage , sens i bl e  heat producti on a nd  s ol ar heat transfer 
effects for a non-venti l a ted structure . Res u l ts  from th i s sol uti on 
i nd i cate a s i gn i fi cant effect due to sol ar energy i n  i nc reas i ng i ns i de 
temperature and i n  produci ng  an earl i er da i l y peak i ns i de temperature . 
A c l osed form peri odi c  Fouri er seri es l i vesto c k  envi ronment 
s i mu l at i on i nc l udi ng conduct i on,  thermal storage , sens i bl e  heat produc­
t i on ,  sol ar  energy and venti l ati on heat tran sfer effects  was programmed 
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and tes ted by Al bri ght and Scott ( 1, 2 ) . Heat transfer  mechan i sms were 
req u i red to be l i nearl y rel ated to i n s i de temperature for i mp l ementi ng 
the Fou r i er so l u t i on . Experimenta l  veri fi cat i on of th i s model demon ­
stra ted i ts accuracy i n  pred i cti ng  i n s i de temperatures , the i mportance 
of con s i deri ng  so l a r  heat gai ns , and the va l ue of u s i ng a mathemati cal  
model for des i gn and  improvement of l i vestock structures . Uti l i zati on 
of th i s model reveal ed the quanti ty of temperature reducti on pos s i bl e  
by varyi ng s ummer vent i l ati on .. rates i n  a pou l try house . Spec i fi c  
venti l ati on rate ranges were recommended cons i deri ng  vent i l ati on energy 
usage a s  bei ng proporti ona l  to the thi rd power o f  the vent i l ati on rate . 
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Buffi ngton (7) devel oped computer model s of tran s i ent  heat transfer 
i n  re s i dent i a l  hou s i ng u s i ng the transfer functi on , thermal response 
factor and transmi s s i on matri x method s . The transfer funct i on method 
i s  a s pec i a l cas e  of the therma l response factor method  req u i r i ng 
con s tant  i ns i de temperature . Both are ba sed on s tandard compos i te wa l l  
constructi on data pu bl i s hed by ASHRAE (4), and a re u sed to ca l cu l ate 
trans i ent heat transfer through these compos i te wa l l  con s tructi ons . 
The transmi s s i on matri x is a method Gf ca l cu l at i ng  tran s i ent  heat fl ow 
through l ayered wal l constructi on , and i t  requ i res Fouri er s eri es 
anal ys i s .  
F i n i te e l ement s imu l ati on of heat transfer i n  a tran s i en t  l i ve­
s tock envi ronment ,  con s i deri ng conduct i on,  therma l s torage , sens i bl e  
heat producti on,  sol ar and venti l ati on heat transfer effects i s  ·cur­
rentl y · be i ng formul ated by Cooke and DeBaerdma ker (8). Thi s method 
requ i res n o  a s sumpti ons  of l i neari ty wi th res pect to t i me or 
temperature for any of the heat transfer sources i nvol ved . 
One of the s hortcomi ng s of a l l of these methods i s  that none ba se  
vent i l at i on rate on l i vestock  heat and mo i sture product i on . P h i l l i ps 
and Esmay ( 1 6 )  devel oped a computer model of poul try hou s i ng heat 
transfer u s i ng l og i c  contro l  to determi ne warm weather vent i l at i on 
rates . Vent i l ati on rates were reduced when system temperature dropped 
bel ow the thermoneutra l  range , and were i ncreas ed to preven t envi ron ­
mental  temperature from exceed i ng amb i ent  tempe rature by more than 4°F. 
Th i s  model  does not cons i der therma l storage i n  the  wa l l s ,  roofs or  
ce i l i ngs , nor the  sol ar  effect on the  wal l s .  However , fl oor heat 
storage , the effect of manure temperature on evaporati on rate , and the 
d i urna l  nature of pou l try heat and mo i sture producti on a re con s i dered . 
Prototype testi ng veri fi ed the accuracy of t h i s model , however , the 
model d i d  not res pond as  we l l  duri ng rap i d l y  chan g i ng ambi ent cond i ­
ti on s , pos s i bl y  i nd i cati ng the importance of s tructural therma l 
storage . Venti l at i on rate , den s i ty and phase  a l terat ion between a rti ­
fi c i a l and natural  day were s tud i ed for thei r effect on summer pou l try 
house  env i ronments . Hell i c kson , Young and  Wi tmer ( 1 0 )  descri be and  
l i st a computer method for ca l cu l at ing co l d  weather vent i l at i on rates . 
Th i s i nc l udes vent i l at i on for mo i sture remova l and  temperature control , 
and  ut i l i zes a mathemat i ca l  model of the psych rometri c chart devel oped 
by Broo ker ( 6 ) . Th i s  ana l ys i s prov ided nomographs that  a l l ow deter­
mi nati on of vent i l at i on rates for a wi de ran ge of env i ronmenta l , a n i mal  
type and  c l i mat i c cond i t i on s . · However , s i mu l at i on of control l ed 
env i ronment l i ve stock  hous i ng u s i ng i deal temperature and  mo i sture 
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con trol determi ned venti lati on rates i s  not avai l able for varyi ng 
env i ronmental and c l i mat i c con d i ti on s. 
Annual s i mu l at i on of  con tro l led env i ronmen t  bu i l d i ng heat transfer  
i s  dependent on representat i ve cli mat i c  data . The  degree day method of  
9 
analyzing ann ual  energy req u i rements i s  a conven i e n t  mean s o f  e stimat i ng 
s teady state conduct i on heat los ses or  gai ns  by comp i l i ng the product 
of  t i me and o uts i de temperature d i fferen ce from a standard temperature , 
� 
Thre l ke l d ( 2 1 ) . The per i od i c and trans i en t  natu re of  insolat i on , re l a-
t i ve humi dity and tempera ture are not con s i dered  i n  degree day data. 
One al ternati ve i s  to u se  comp l ete hourl y weather records  over an arbi ­
trari l y  c hos en year for a s pec i f i c  area . D i ffi c u l ty ari ses  i n  obtai n i ng 
th i s  da ta and i n  c hoos i ng a ,represent�t i ve year , Lytl e (14) . Also , 
accurate s elec t i on of  average month ly  and yearly weather data i s  
d i ff i c u l t .  
Jordan , Barwi c k  and DeShazer ( 12 )  reported that a Fouri er seri es 
cou l d  be u sed to represent  ambi ent temperatures for p urposes  of cal cu­
l at i ng per i od i c  heat  storage i n  structures. Fouri er s eri es  represen­
tati on  of c l i mat i c  cond i tions  also  adapted read i l y  to the use of 
sol-ai r temperatures  descri bed i n  ASHRAE (4) . A l bri g ht and Scott ( 2 ) 
and Buffi ngton (7) used a refi nemen t of t h i s techn i qu e  i n  bu i ld i ng 
en v i ronment  s i mu l ati on s to all ow i n i t i al and f i nal dai l y  temperatures  
to d i ffer . 
The normal random vari abl e curve or a mod i fi ed normal cu rve and 
dai ly average maxi mum and mi n i mum temperature are c urrently u sed  in 
pred i ct i ng expected month ly  d i s tri buti on  of dai l y  max i mum and mi n i mum 
10 
temperatures, Lytl e (14). Peri odi c fl uctuat i on s  of temperature and 
rel ati ve humi d i ty between the da i l y  maxi mum and  mi n i mum can be estima ted 
for spec i f i c  areas .  ASHRAE (4) presents a computer program for cal cu�· 
l ati ng sol ar  rad iat i on i nci dent upon a spec i ·fi c s urface o r i en tat ion a s  
a funct i on of time, based on publ i shed sol ar  coeffi c i ents , sol �r ang l es 
and l oca l i nsol ati on  data . Thi s a l ternati ve yi el ds  an  expected average 
s i mu l ati on of  temperature , rel ati ve humi d i ty and i nso l ati on . 
PROCEDURE AND COMPUTER S I MULAT I ON 
A genera l d i scus s i on of the l i ves tock hous i ng envi ronment s imul a ­
t i on model i s  es senti..ciL_tC? the understa nd i ng o f  the potent i a l  and 
appl i cati on of t he system. Thi s expl anati on wi l l  be covered under the 
· fo l l owi n g  headi ngs:  (1) Genera l  Descript i on , (2) I nput  Data Li sti ng 
and  ·use Descri pti on , (3) Output Descri pt ion , and  (4) S i mu l at i on Model 
Descri pti on . 
Genera l  Descri pt i on 
A computer s i mu l ati on system was devel oped to a l l ow opt i mi zat i on 
of i ns u l ati on , heati ng and vent i l at i on for confi nement l i vestock 
,bui ld i ngs . The opt imi zat i on system uses  c l imat i c data to s i mu l ate 
da i l y  outsi.de temperatures rel ati ve humi di ty and sol a r  energy cond i ­
ti on s  an an  hourl y bas i s .  Monthl y energy use  and  operati on cost  data 
and an annual  economi c and energy con sumpti on s ummary of the system as  
i nfl uenced by  di fferent l evel s of  i ns u l ati on are presented . 
Speci f i ca l ly  the computer s i mul at ion performs an  energy ba l ance 
on an hourl y bas i s  to determi ne heati ng a nd vent i l ati on requ i rements . 
Th i s i nvol ves  bal anc i ng heat and mo i s ture product i on wi th i n  t he 
bu i l di ng by l i vestock and  equ i pment wi th sol ar heat ga i n s , conduction 
heat. transfer , heat  stored by the bu i l d i ng mater i a l s and  heat transfer 
a s soci ated wi th  the venti l at i on and i nfi l trati on a i r  fl ow ( F i gure 1 ) . 
A mathemat i ca l  sol ut i on of the psychrometri c c hart , p ubl i shed d�ta on 
the therma l c haracteri sti cs of i n su l at ion and bu i l d i ng materi a l s ,  




Q prod -- Li ves tock and  eq ui pment heat produc t i on, 
BTU/ h r .  
QCON Con ducti ve-convecti ve- radi ati ve head 
trans fer, BTU/hr .  
QVENT Venti l a ti on a nd i nfi l trati on h eat 
trans fer, BTU/ h r .  
QSUN Sol ar  energy h eat  ga i n, BTU/ h r .  
Q stored Bu i l d i n g therma l storage heat  trans fer, 
BTU/ hr . 
. 
QSUPP Supp l emental  heat i ng, BTU/ hr. 
Fi g ure l. Heat trans fer  s ources i n  l i ve stock hous i ng .  
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l i vestock  heat  and moi sture producti on data, envi ronmenta l cond i ti ons , 
and bu i l d i ng cha racteri s t i c  data were i ntegrated u s i ng t he phys i ca l  
l aws o f  heat and mas s  transfer and economi c data to des i gn the i ns u l a ­
ti on, venti l at i on a n d  heati ng systems . Spec i fi cs o n  t he data , proce­
dures and techn i q ues wi l l  be presented in l a ter secti ons . 
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Thi s s ys tem can s imu l ate control l ed envi ronment l i vestock  
bu i l d i ng s, green houses or res i dences wh i ch use  no hot  weather coo l i ng 
other than by venti l at ion and for whi ch suffi c i en t  management  and 
operati ona l  data are ava i l abl e .  Li mi tati ons  have been imposed by the 
fol l owi ng: not con s i deri ng the effect of envi ronment on an ima l  perfor­
mance , not expres s i ng l i vestock heat and mo i sture produ ct i on as a 
functi on of  t ime to refl ect d i urna l fl uctuat ion and  an i mal  growth , the 
l ack  of a proven , accurate genera l rel at ion s h i p  between ven t i l at i on 
rate and venti l at i on energy con sumpti on , and by not ca l c u l ati ng  the 
therma l s torage effect of the fl oor . 
I nput Data Li sting and Use Descri pt ion 
Cl i ma t i c  and s tructu ra l  data , envi ronmenta l  parameters ,  and 
economi c and  management c ho i ces affect the optima l  heat i ng , venti l at ion 
and i ns u l a t i on des i gn of confi nement l i vestoc k envi ronmen ts . Thi s 
computer  model req u i res month l y  c l imat i c data con s i st i ng of a verage 
mi n i mum and  maximum da i l y  temperatures , average s tanda rd dev i at i on of 
mi n i mum and  maxi mum da i l y  temperatures from average mi n imum and  max i ­
mum da i l y  temperatures , average rati o of actua l i n so l at i on to expected 
c l ea r  day i nso l a ti o n  at the ground surface , so l a r  coeffi c i ents , average 
mi n imum and maximum re l at i ve humi d i ty and the number of  days per month . 
:i 1 3 9 9 5 
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Temperature , sol ar  and re l ati ve humi di ty data are u sed to s imul ate 
hourl y weather condi ti ons  throughout the month . Energy and economi c 
operati ng  costs  based on a thi rty day month are adju s ted for the actua l  
number o f  days per month . 
The therma l and  cons truction characteri s t i cs i nc l udi ng  the therma l 
res i stance and  heat capac i ty prior  to i n su l at i ng , area , i n s i de and out­
s i de convect i on - rad i a t i on coeffi ci ents , depth , th i c knes s and conduc­
t i v i ty of the  s tuds , conducti vi ty ,  spec i fi c  heat , max imum th i c knes s  and  
cost  of the  i n s u l a t i on , d i recti on cos i nes , and  a bsorpt i vi ty and trans­
mi ssivi ty data mus t  be  s uppl i ed for each  surface . Conduc t i on heat 
transfer and · therma l storage are determi ned from these therma l and 
constructi on characteri sti cs , s imu l ated weather data and envi ronmental 
temperature . Sol a r  heat  ga i n  i s  based on these  t herma l , cons tructi on , 
d i recti ona l a nd sol ar  propert ies  combi ned wi t h  i n so l at i on va l ues . 
Add i t i ona l  s tructura l data requ i red are bu i l ·d i ng vo l ume and  spec i fi ca­
t i on of s u rface type a s  wa l l , roof , peri meter or ce i l i ng . Bu i l d i ng 
vol ume i s  i nc l uded to a l l ow determi nati on of i nfi l trat i on heat transfer . 
Envi ronmenta l parameters i nc l ude l i vestoc k sens i bl e  and  l atent 
heat product i on , l i vestock n umber , i nfi l trati on  rate , max i mum venti l a ­
t i on rates , des i gn i ns i de re l at i ve humi d i ty ,  and  mi n i mum and  des i red 
i ns i de tempera tures . L i vestock  mo i sture product i on , i nfi l trati on , 
max i mum vent i l ati on rates , des i gn rel ati ve hum i d i ty ,  and m i n i mum and 
des i red temperature are u sed to determi ne  the type of  vent i l at i on , the 
vent i l at i on rate , the resu l tant  vent i l at i on and  i nfi l tra t i on heat 
tran s fer , and the s uppl ementa l heati ng . T he hour l y energy ba l ances 
are determi ned d i rectl y from these heat transfers and  the l i vestock  
sensi bl e heat  product ion . 
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I n i t i a l  costs , desi gn l i fe and energy effi c i ency for the venti l a ­
t ion and heati ng systems , i n i t i a l costs and desi gn l i fe for the i nsu l a ­
ti on ,  a nd i nterest rate are the i nput economi c data . The most eco­
nomi ca l i ns u l at i on th i c kness d i stri but i on i s  determi ned from i nsu l at ion 
costs and therma l and construct ion data . Month l y opera t i ng  costs are 
ca l cu l a ted from the venti l ati ng and heat i ng system energy effi ci ency .  
System desi gns ,  i n i t i a l costs , desi gn  l i ves and i nterest rate used wi th 
the compound i nterest capi ta l recovery formu l a ,  Grant and I reson (9), 
a l l ow annua l  operati ng  and fi xed costs determi nat i ons .  
A s amp l e i nput data l i st i ng and  descri pti on a re i nc l uded i n  
Append i x  D .  
Output Descri pti on 
The output consi sts of monthl y operati ng costs , a nnua l operati ng 
and f i xed costs , heati ng and venti l at i on equ i pmen t si ze  and cost , 
i nsu l at i on thi c knesses , therma l resi stances for t he bu i l d i ng surfaces , 
and the correspond � ng  speci fi c  equ i va l ent bu i l di ng therma l resi stances .  
Equ i valent bu i l d i ng therma l resi stance i s  i ncremented from no  i nsu l a­
t i on to the max imum possi bl e for the spec i fi c  construc t i on cond i ti ons 
by uni ts of 4 hr-sq ft- F/BTU . 
Spec i fi ca l l y ,  month l y operati ona l results are categor i zed 
accord i ng to venti l ati on type: ( 1 )  co l d  weather , mean i ng suppl ementa l 
heati ng i s  requ i red to ma i nta i n  the mi n i mum i nsi de temperature , 
( 2 ) neutra l  weat her mo i sture control , i nd i cati ng that the i dea l 
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vent i l a t i on rate i s  tha t  necessary for moi s ture control , ( 3 )  neutra l  
weather temperature control , meani ng the appropri a te vent i l at i on rate 
i s  that requ i red for temperature control , or ( 4 )  hot weather , des i g ­
nati ng  that i n s i de temperature cannot be ma i nta i ned a t  the des i red 
l evel wi thout cool i ng .  Venti l at ion energy req u i rement ,  cost and number 
of hours of venti l at i on operati on are l i sted for eac h  type of venti l a ­
t i on .  Suppl ementa l heati ng energy requi rement a n d  cos t , a n d  quanti ti es 
-
of heat transfer due to conduct i on , venti l ati on and i nsol ati on are 
i nc l uded for col d weather venti l ati on condi ti ons . Monthl y sol a r  heat 
ga i n  tota l s a re presented for hot weather cond i ti on s . Al s o  mi n i mum and 
maxi mum month l y vent i l ati on rates are prov i ded . 
The annua l  cost ana l ys i s i nc l udes i ns u l a t i on fi xed costs , and  
heati ng and ven ti l a t i on fi xed and  operati ng  costs . Hea ti ng and vent i -
· l at i on sys tem i n i ti a l costs , s i zes and annua l  energy consumpti on are 
tabul ated , and  a tabl e of i n su l ati on cost , equ i va l en t  bu i l d i ng therma l 
res i stance , and  the bu i l d i ng s urface area s , res i stances , i n su l ati on 
th i c knes ses  and  i ns u l at i on costs are prov i ded . 
A samp l e l i st i ng of output resu l ts i s  i nc l uded i n  Appendi x  D .  
S i mu l at i on Model Descri pt i on 
The four  bas i c  concepts es senti a l  to th i s model formu l at i on are 
exp l a i ned and  justi fied under the fol l owi ng  s ub-hea d i ngs:  ( 1 )  Opti ­
mi z i ng i ns u l a t i on d i stri buti on , ( 2 ) Simu l ati ng  c l i mat i c cond i t i on s , 
(3) Venti l at ion  rate determi nat i on ,  and (4) Energy ba l ance . Equati ons  
not l i s ted i n  the ma i n  body of the manuscri pt a re presented and 
descri bed i n  Appendi x  B .  
Opt i miz i ng ins u l ation d i stributi on : Thi s li vestock envi ronment 
model varies  equivalent bui l ding thermal resista nce, which is a 
mea s ure.of in s u l ati on l evel , from no ins ulati on to the  maxi mum speci -
fied by i ncrements of 4 hr- sq  ft- F/BTU . For each equ i valent  bui l d i ng 
thermal res i stance, the mos t  econom i ca l  d i s tribution o f  insulati on 
thi cknes ses  in the wa l l, roof, p�rimeter and ce i ling s urfaces is 
determi ned . I nsu l ati on cos t  ins talled is a s s umed to be a li near  
funct i on o f  thicknes s . 
Equiva l ent buil d i ng therma l resistance i s  defined by the series 
combina tion law for steady state, conducti on - convect i on - radiation 
heat tra n s fer, Kre i th ( 1 3 ) .  
QCON = ATOT = � AREA J' RTOT J=l R\J 
QCON - Bu i l d i ng conductive heat l os s, BTU/ h r .  
ATOT - Outside bu i l ding s urface area excl uding the 
foundat i on, sq ft . 
RTOT - Equiva l ent bu i l ding therma l resistance, 
hr- s q  ft- F/BTU . 
AREA(J ) - Area of  s u�face J, sq ft . 
R(J ) - Thermal res i stance of  s urface J, hr- sq  ft-F/ BTU . 
The  s eri e s  combinati on l aw cannot be d i rectly a p p l ied to buil ding 
s urface con���tive heat transfer un l e s s  the roof and ceil i ng s u rfaces 
are f i rst  combi ned by the parall e l  combi nati on law, T hrel kel d ( 2 1 ) . 
R(J )  
= HliJ) + � + HOiJ) 1 
Hl(J), HO(J) - I nside, outs i de convecti on - radiation heat 
transfer  coefficient�, respecti vely, 
BTU/hr- sq  ft-F. 
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x. Layer i th i c knes s i n  s urface J ,  in . , 
Ki - Layer i conduct i v i ty i n  s urface J , BTU/hr-s q  ft- F/i n .  
Therefore , the  roof  and ce i l i ng  s urfaces are combi ned and treated a s  
/' 
one s u rface by the met hod described by Barre and  S ammet ( 5 ) . I n s u l a -· 
tion i s  a s s umed to be added to the ceil ing , not  to t he  roof s u rfaces , 
un l e s s  there is no ceil i ng in the structure, s i n ce in s u l a t i ng  the  
ceil i ng i s  the  more effi cient_standard practice . 
Surface t herma l resis tances are ca l cu l ated u s i ng the ser i es  and 
para l l e l combi nation l aws a s  out l ined by Threl kel d (21) .  There are 
fou r  cases , eac h  wi th  a d i fferent genera l equation , wh i c h  describe 
therma l res i s tances  of s urfaces encountered in s tandard l ivestock 
hou sing  con s truct i on . These  surface t herma l res i s tance ca ses  a re : 
( 1 )  a s urface  wh i c h ha s a s t i l l  air space , (2) a s u rface hav i ng no 
stil l air s pace , ( 3 )  a s urface wh i c h has in su l ation t h i c kne s s  greater 
t han j o i st  dept h , and (4) a peri meter s u rface . A br i ef descri pt ion of 
the fou r  ca ses  and the corresponding equat i on s  are i n c l uded i n  
Append i x  B . . 
Opt i ma l  i n s u l a t i on t h i c kness  d i s tri bution i s  determined u s ing a 
steepest  a scent program modi fi ed for th i s part i c u l ar app l i ca t i on . 
Max i mum a l l owa bl e in s u l ati on t h i c knes s i s  a s s umed for eac h  s u rface , 
t hen i n s u l a t i on th i c knes s  i s  reduced according to wh i c h  s urface  g i ve s  
the  greatest cos t  s av i ngs  per un i t  reduct i on i n  equ i va l ent  bu i l d i ng 
t herma l res i stance . I ns u l ation th i c kness  reduct i on cont i n ues  until 
fu rther reduct i on wou l d  resu l t  i n  the equ i va l ent  bu i ld i n g therma l 
res i stance bei ng l es s . than s pe_c i fi ed .  After findi n g  the  opt i mal 
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insulation thickness distribution initiated with the maximum allowable 
insulation thicknesses, this procedure is repeated starting with the 
most economical surface having no insulation. If the latter tomputa­
tions give an insulation thickness distribution at least as economical 
as the first series of computations, the second most economical surface 
is also reduced to no insulation and the optimization procedure is 
repeated. Surfaces are reduced to no insulation and the process is 
repeated until the resultant insulation thickness distribution neces­
sary for maintaining the desired equivalent building thermal resistance 
is more expensive than the previous computations' insulation distri­
bution. The least cost insulation distribution meeting the equivalent 
building thermal resistance requirements is selected. 
Although this steepest ascent method of optimizing insulation 
thickness distribution based on economics and steady state heat trans­
fer seems t o  give reasonable and correct results, this technique has 
not been formally proven. Manual evaluation of specific· recommenda­
tions from the application of this steepest ascent method of analysis 
has indicated its reliabil ity. 
Simulating climatic conditions: Hourly temperature, relative 
humidity and insolation climatic data are simulated from monthly 
climatic data, using techniques recommended by Lytle (14 ) ,  and methods 
described by A SHRAE (4). Simulation was chosen as compa�ed to sub­
mitting. actual hourly weather records for a specific year because 
simulation would result in average monthly and annual expected cli­
matic conditions, and because the data necessary for simulation are 
generall y more avail abl e .  However , ho url y climatic data for tempera­
ture , re l at i ve humi dity and insol ation or any combinatfon of the three 
can be substituted for the simul ated weather by removing the app ro­
priate subrout i nes and by cha_n gi ng  cards 0122, 0123 and  0132 in the 
ma i n· program , (Appendix C} . 
Temperature and rel ative humidity a re varied hour l y  to represen t  
the d i u rn al n ature of  weather .  Typ ical fl uctuati ons of  dail y tempera­
ture an d re l at i ve humidity are il l ustrated in Fig ure 2. Temperature 
i s  assumed to be a smooth curve with a maximum a t  2 p.m. and a minimum 
at 6 a . m . , and with the avera ge temperatu re midway between the daily 
minimum and  maxi mum . Rel ative humidity is assumed to vary inversely  
with temperature , (Figure 2). 
S h i ftin g o f  the da i l y  simu l ated temperature c urve to represent 
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the d ays o f  the month i s  ach i eved by assuming d a i l y  mi nimum and maxi­
mum temperatures are norma l l y  distributed and by using 30 equa l  p roba­
b i li ties to estab l ish individu a l  daily conditions , Lytle (14). The 
same dai l y  relative h umidity c u rve is  used for each day within the 
month ,  sin�e current l y  there is nQt a suitabl e techniq ue for p redicting 
the interdependen ce of  rel ative h umidity a n d  temperature independent 
of diurn a l  variati on , and because temperature was considered to be a 
more importan t parameter in i ts cost effect on l ivestock environmenta l 
contro l . Furthermore , data and  methodol ogy for a dail y shift i ng of  
the simul ated rel ative h umidity curve were not  ava i l abl e .  
E xpected hourl y c l ear  �ay i nsol ation for any surface orientati on 
i s  calc u l ated usi n g  a method desc ribed in . ASHRAE (4). The  month ly  
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rat i o  of  average actua l  i nsol at i on to  c l ear day  i nso l at ion was mu l t i ­
p l i ed by the hourl y i nso l at i on va l ues obta i ned u s i ng the c l ear  day 
i nso l at i on method  to s i mu l ate hourl y average i nso l ati on for d i fferent 
s urface ori entat i ons . Th i s res u l ts in  an average d i urna l  i nsol at ion 
curve for each bui l d i ng s urface, { F i gure 3). The same da i l y  i n so l at i on  
curves were used for each day  wi th i n  a month because t he i nterdepen­
dence of temperature and  i nsol at ion i ndependent of  d i urna l  vari a t i on s  
was n o t  ava i l abl e ,  a n d  because data and a techn i que for est imati ng 
dai l y s h i fts i n  the i nsol at i on curves were not ava i l abl e .  
Vent i l ati on rate determi nati on:  Proper vent i l at i on system des i gn 
i nvol ves  determi n i ng the i dea l a i r  fl ow rate and en suri ng  good d i stri ­
buti 9n of t h i s a i r .  Thi s l i vestock envi ronment s imul a t i on determi nes 
the i dea l ven ti l ati on rate determi n i ng reg i ons , descri bed by the 
Mi dwest  P l an  Servi ce (15), and depi cted by F i gure 4 .  I t  i s  a s sumed 
that the vent i l at i on system wi l l  or can be des i gned for proper a i r 
d i stri but i on . 
Mo i sture remova l vent i l ati on i s  used when envi ronmenta l tempera­
ture i s  be l ow the des i red i n s i de temperature . The p sychrometri c 
properti es of the i n s i de and outs i de a i r are determi ned, usi ng  
·
Breaker's ( 6) mathemati ca l model of  the psychrometri c chart, from 
temperature and  rel ati ve humi d i ty data . A mo i sture ba l ance i s  per­
formed, a s  outl i ned by Threl kel d (21), and the a i r  fl ow rate for 
mo i sture control i s  ca l cu l ated . · 
Temperature control · venti l at ion i s  used i f  the envi ronment tem­
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contro l venti l at i on i s  pos s i bl e .  Bu i l d i ng heat transfer , excl udi ng 
that due to venti l ation , and the venti l at i on rate requ i red to ba l ance 
that  bu i l d i ng heat transfer are ca l cu l ated , Thre l kel d ( 2 1 ) . Append i x  B 
l i s ts and descri bes mo i sture remova l and temperature contro l vent i l a ­
t i on rate determi na ti on procedures . 
An i ma l  comfort determi nes the idea l venti l at i on rate a s  amb i ent 
temperature approaches or exceeds optimum i ns i de temperature , thereby 
maki ng i t  impract i ca l  or impos s i bl e  to vent i l ate for temperature 
contro l . The Mi dwest  P l a n  Serv i ce ( 1 5 ) , recommends spec i fi c  a n ima l · 
comfort vent i l at i on rates based on an ima l  type and s i ze and bu i l d i ng 
type . Thi s model  a s s umes the an ima l  comfort vent i l at i on rate i s  a 
l i near functi on of  i n s i de temperature to a max i mum v a l ue . 
Vent i l ati on energy consumpt ion to operate the system i s  a s s umed 
to be representabl e by an equati on of the fol l owi ng  form . 
CFMl = VENTM * C FMVENTB 
CFMl - Ventil ati on energy requ i rement , kwhr .  
VENTM , VENTB - Constants for ca l cu l at ing  vent i l at i on energy 
consumpti on , kwhr , kwhr/cfm ,  respect i vel y .  
C FM - Ventil ation rate , c u  ft/min . 
Theoreti ca l ly ,  vent i l ati on energy cons umpt ion i s  proport i ona l  to the 
vent i l at i on rate cubed for a constant fan area . Researc h  by Al br i g ht 
and ·Scott ( 2 ) , s upports this , reporti ng energy cons umpt i on i n  a pou l try 
buil d i ng is proport i ona l  to the thi rd power of  vent i l at i on rate . 
However ,  fan effi c i ency variati on and the operati n g  fan a rea c hanges 
res u l t i ng from mu l t i -fan  systems make pred i ct i on of  the appropri ate 
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power to which vent i l ation rate s hou l d be raised d i fficu l t . Therefore , 
this model was devel oped to a l l ow user sel ection of the ventil ation 
energy con s umpti on constants appropriate to the particul ar system. 
Energy ba l ance: Conservation of mas s  and energy a re the sc i en ­
tific l aws providing t h e  basis for this l ives tock environment simu­
l ati on . Uti l izi ng the l aw of conservation of mas s , moisture remova l  
ventil ation req u i rements are determined a s  described in the  previous 
"Venti l ation rate determination" secti on .  The conservation of  energy 
l aw ,  combined with  environmenta l , construction , materia l s  and  manage­
ment data , c l imatic simul ation , and the moi sture remova l  ventil ation 
requ i rement ena bl es ca l cu l ation of inside temperature ,  heat transfer 
sources and quantities , and ventil ation and supp l emental  heating 
energy requirements . 
The l aw of energy conservation appl i ed indicates :  
Heat I n  - Heat Out = Heat Stored 
for t he model ed l ives toc k buil ding , ( Figure 1 ) . There a re s i x  sources 
of hea t  tran sfer a s  fol l ows : ( 1 )  l i vestock and equ i pment sens i b l e  
heat production , ( 2 )  sol ar  heat gain , ( 3 )  conduction heat transfer , 
( 4 )  ventil ation and  infil tration heat transfer , ( 5 )  s upp l ementa l 
heating , and  ( 6 )  t herma l s torage heat transfer effect . Each of these 
heat transfer sources i s  cal cul ated as a function of a comb i nati on of 
known data , simu l ated cl imati c condi t i ons , ins i de temperature and  the 
other heat  tran sfer sources . This res u l ts in seven un known s , the s i x  
heat transfer sou rces and inside temperature ,  and  seven equations ,  
the six rel ation s hips  correspond i ng to the s i x  heat transfer  sources 
and the energy ba l an ce equation , (Table 1). Since there is one  i nde­
pendent  equat i on for each unknown, there can be on l y one  s o l ution for 
hourl y  heating and  ventil ati n g  requi rements and the i n side temperature 
for a pa rti cul a r  lives tock b uil ding and man agement sys tem . This so l u­
tion· can  be foun d by finding the ins i de temperature and the corre­
sponding heat  t ran s fe r  s ources  whi ch satisfy the energy b al an ce 
equation . . 
Spe cificall y, this mode l as s umed the i ns i de temperature equa l  to 
the previ ous hour's i nside temperature . (When s tartin g  a n ew month, 
the firs t  hour's in side temperature i s  a s s umed to be the mi n i mum 
a l l owab l e temperature . }  Livestock heat producti on , s o l a r  heat ga i n, 
conduction heat  los s  and the heat storage effect are c a l culated corre­
sponding to that inside temperature . The venti l ation and  s uppl emental 
heat  t ransfe r  a re dete rmi"ned by the other heat transfer s ou rces,  the 
inside temperature , and  the known data . These hea t  tra n s fe r  s o urces 
can then be substi t uted into the energy ba l ance equati on  to dete rmine 
if  that in side temperature yi e l ds a sol ution . The energy ba l ance  
eq uation does  not ba l ance if a s olution has  not  been  found; i f  this 
occurs ins i de tempe rature is incremented by 1 degree Fahrenheit . 
Heat transfe rs correspondi ng  to the incremented i ns i de temperatu re are 
cal culated , and  these  va l ues a re s ubstituted into the ene rgy ba l ance 
eq uation .  Tempe ratu re incrementat i on is continued unt i l  the e nergy 
balan ce equat i on provi des an i ns i de temperature wi thi n 0.5 F of the 
true s o l ution, (Figure 5 ) .  Ventil ati on and  s uppl ementa l heating 
requiremen ts for that hour  a re then added .to  the monthly total s ,  
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TABLE 1 
Energy Ba l ance Equat i on s  
Equati on 1 
Qprod = ( QSM * T I  + QSB ) * ANUM 
Qprod - L i vestock sens i bl e  heat  producti on , BTU/ hr . 
QSM , QSB - Con s tants for ca l cu l ati ng l i vestoc k sen s i bl e  heat 
product i on , BTU/F-head , BTU/ head . 
T I  - I n s i de temperature , F .  
ANUM - Number of l i vestock .  
Equat i on 2 
QSUN ( I ) � TWI J * AREA J R J - 1/HO J 
QSUN ( I )  - Bu i l d i ng sol ar  energy ga i n  for hour I ,  BTU/ hr . 
TWI ( J )  - Effecti ve sol ar temperature i ncrease  of s u rface J , F .  
AREA ( J ) - Area of surface J ,  sq ft . 
R ( J )  - Therma l res i stance of surface J ,  hr-sq  ft- F/BTU . 
HO ( J ) - Outs i de convection  - radi ati on heat tran sfer coeffi c i ent 
for s urface J ,  BTU/ hr-sq ft -F . 
Equat i on 3 
QCON = CONDX * ( T I  * TO ( I ) )  
QCON - Bu i l d i ng conduct i ve heat  l os s , BTU/ hr . 
CONDX - Bu i l d i ng t herma l conductance , BTU/hr- F . 
TO ( I )  - Outs i de temperature for hour I ,  F .  
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TABLE 1 ( cont i nued ) 
Equat i on  4 
QVENT = 60 * CFM * . 24 * ( T I *TO ) I V 
QVENT - Vent i l at i on and i nfi l trat i on heat tra n s fer , BTU/ h r .  
T O  - Out s i de temperature , F .  
V - I n s i de a i r  s pec i fi c  vol ume , sq ft/ hr .  
Equa t i on 5 
QSUPP = DQ 
QSUPP - S uppl ementa l heat i ng requ i red , BTU/ hr . 
DQ - Energy ba l ance , heat i n  - heat out , BTU/ h r .  
Equat i on  6 
Qsto red = QSTOR - ( ( T I N-TI ) + ( TO ( I ) -TO ( I - 1 ) ) ) + 
( T I N -T I ) * VOL * . 24/V 
Qstored - Bu i l d i ng therma l storage between hou rs I - 1  and I ,  
BTU/ hr . 
T I N  - I n s i de temperature for hour  I ,  F .  
T I  - I n s i de temperature for hou r  I - 1 ,  F .  
TO ( I - 1 )  - Outs i de temperature for hour I - 1 , F .  
VOL - S tructura l  cav i ty vol ume , c u  ft . 
Equati on 7 
DQ = Qprod - QCON + QSUN ( I )  - Qstored - QVENT 
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TI 0 - - I ns i de temperature for 
p recedi ng hour . 
+�  
0 Tl n - - I ns i de temperature so l uti on 
for pre sent hour . 
:::> 
I 
Tl t - - True sol uti on for present 1--al 0 i ns i de te111>erature . .. -
cr Cl -
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Fi gure 5 .  Graphi c  representati on of energy bal ance equati on sol uti on . { Note : The 
i ns i de temperature sol utio.n i s  that i nteger temperature whi c h  mi n i mi zes 
( DQ ) , and i s  accurate to wi th i n  . 5  F of  the true sol u ti -0n ( T l t ) . )  
w 0 
i ns i de temperature i s  reta i ned , and the model beg i n s  so l v i ng for the 
next hour ' s  i ns i de temperature and the correspond i ng  heat transfers . 
L i vesto c k  a nd equ i pment sens i bl e  heat product i on i s  a s sumed to 
be a l i near functi on of i ns i de temperature , Al bri ght  a n d  Scott ( 1 ) . 
Conducti on - convecti on - rad i at i on heat tran s fer i s  ca l cu l ated from 
the steady state conducti on  formul a  as sumi ng convecti on - rad i at i on 
heat transfer  coeff i c i ents are constants , and u s i ng the i ns i de and  
outs i de temperature , constructi on characteri sti cs  and  materi a l 
propert i es .  Therma l s torage between the previ ous  and  present hour i s  
ca l cu l ated from the therma l storage capac i ty o f  eac h  wa l l  and  the 
average c hange of  i n s i de and outs i de temperature . Th i s  method a s sumes 
therma l s torage capac i ty i s  constant per u n i t tempera ture c hange . 
The speci fi c  equa ti on s  a re l i sted i n  Appendi x B .  
Sol ar  heat gai n i nc l udes the energy d i rect ly  transmi tted , t he 
effecti ve conducti ve ga i n , and t he heat storage effect . Sol ar  heat 
ga i n  i s  con s i dered i ndependentl y from the s teady state conduct i on � 
convec t i on - rad i at ion  heat transfer and the thermal s torage heat 
transfer effect due to temperature change . The a bsorbed so l a r  energy 
i s  conducted  i ns i de the s tructure , convected and  rad i ated to t he 
outs i de env i ronmen t ,  or stored due to an  effecti ve so l ar outs i de 
surface temperature change . These three port i on s  of the a bsorbed 
sol ar  rad i at i on can be ca l cu l ated from materi a l  propert i es , con struc­
t i on type , and the effect i ve so l ar outs i de surface temperature . A 
fourth equat i on i s  deri ved from the l aw of conservati on o f  energy , 
and the resu l t i ng four equati ons  wi th  four  un knowns i s  so l ved for the 
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sol ar  heat ga i n  t hrough eac h  surface , (Tabl e 2 ) . T he combi ned form of 
the four equati on s , (Append i x B ) , yi el ds the des i red heat transfer 
val ue . 
Venti l ati on heat trans fer i s  ca l cu l ated from the a i r fl ow rate · 
and t he psychrometri c propert i es of i ns i de and outs i de a i r .  I nfi l ­
trati on i s  a s s umed to be i nc l uded i n  the vent i l at i on a i r  fl ow un l es s  
the venti l at i on rate i s  l es s  than the i nfi l trat ion rate , i n  wh i ch 
case the effect i ve vent i l ati on rate i s  a s sumed to be t he i nfi l trati on 
rate , Spec i fi c equa t i ons  are l i s ted in Append i x  B .  S uppl ementa l 
heati ng i s  t ha t  quanti ty of heat requi red to so l ve the energy ba l ance 
equat i on wi thout l ett i ng i n s i de temperature decrease  bel ow the 
mi n i mum a l l owa bl e i n s i de tempera ture . 
TABLE 2 
So l ar Energy Ba l ance Equati ons  
Equati on 1 
So l ar I n = QSOLAR ( I , J ) *AREA ( J ) I ( HO ( J ) *R ( J ) )  
Sol a r  I n  - I nci dent so l ar  energy conducted i ns i de or s tored 
for surface J at hour I ,  BTU/hr . 
QSOLAR ( I , J )  - Surface sol ar  energy absorbed , d i ffuse  and  d i rect , 
for s urface J at  hour  I ,  BTU/ hr-sq  ft � 
AREA ( J ) - Area of  surface J ,  sq ft . 
HO ( J ) - Outs i de convecti on - radi ati on hea t  tra n s fer 
coeffi c i ent  for surface J ,  BTU/ hr-sq ft-F .  
R ( J ) - Therma l res i stance for surface J ,  hr- sq ft-F/ BTU . 
Equati on 2 
Sol a r  Stored = ( TWI ( J ) *TWI O ( J ) ) *AREA ( J ) *SH ( J ) / 2  
Sol ar  Stored - Therma l storage effect due to sol a r  energy 
for s urface J at  hour I ,  BTU/ hr . 
TWI ( J )  - Surfa ce J temperature i ncrease due to so l a r  energy 
at hour  I ,  F .  
TWIO ( J )  - S urface J temperature i ncrease due to so l ar  energy 
at hou r  I - 1 , f .  
SH ( J ) - Surface J hea t  capac i ty ,  BTU/ sq ft- F . 
Equati on 3 
So l a r  Di r Ga i n  = TWI ( J ) *AREA ( J ) I ( R ( J ) - 1/HO ( J ) ) 
So l a r Di r Ga i n  - Sol a r  energy whi ch reaches  the env i ronment 
d i rectly for surface J at  hour I ,  BTU/ hr . 
Equat ion  4 
So l ar Di r Gai n = Sol a r  I n  - Sol a r  Stored 
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RESULTS 
A genera l i zed  computer  mode l of heat and mo i sture trans fe r  for 
contrc l l ed en v i ronment l i ve s tock  hous i ng was  de ve l oped. Thi s mode l  
se l ects the opt i ma l vent i l ati on rate based upon e i ther mo i s t u re 
remova l ,  temperature contro l  o r  an i mal comfort con siderati ons . 
Suppl emental heating i s  added when neces s ary to ma i ntai n a u se r  spe ci ­
fi ed mi n i mum envi ronmental  temperature . Li vestock and  e q u i pmeni heat 
produ cti on , s o l ar  neat ga i n ,  cond ucti on hea t  trans fer , therma l 
star.age , vent i l ati on and i nfi l trat i on heat trans  fer , a nd  s upp 1 ementa 1  
heati n g  are  i n cl uded in  the mathemat i cal s i mu l ati on . ·En vi ronment 
s i mul ati on can  a l s o  be performed for greenhouses a n d  res i dent i a l  
houses , p rovi d i .ng s ummer a i r cond i ti on i n g  i s  not u sed . 
He ati.ng , venti l at i ng and i n s u l ati on recommendat i on s a re s peci fi ed 
based on c l i mati c cond i ti on s , cons tructi on and mater i a l  type s , l i ve ­
stock heat  and moi s tu re producti on , en v i ron ment management and  econ om­
ic data .  Opti ma l i n s u l ati on thi cknes ses for each b u i l d i ng s urface , 
heating  and  vent i l at i on system capaci t i es , monthly ope ra t i on al  cos ts , 
and an ann ua l  e conomi c an a lys� s o f  fi xed and  operati ona l  cos ts are 
provi ded for u s e r  s e l ected l i vestock sys tems . 
Perfo rman ce o f  thi s mode l was eval uated for beef a n d  swi n e  
operati on s of  d i ffe rent s i zes , dens i t i es a n d  mi n i mum env i ron menta l  
temperatures for c l i mati c cond i ti ons i n  Brooki ngs , South Dakota . 
Spec i fi ca l l y  100 , 200 , and 500 head beef feedi ng operat i on s  { 1000 p ound 
an i ma l s ) were s i mu l ated wi th dens i t i es of 1 5 , 18 and 21  sq  ft/head 
and mi n i mum en v i ronmental temperatures of  ·40 , 50  a n d  60F .  
Addi t i ona l l y ,  200 , 500 and 1000 head swi ne fi n i s h i ng systems for 1 50 
pound hogs were mode l ed .  Construction and operati ona l  cho i ces were 
ba sed on t he Mi dwest  P l an Serv i ce ( 1 5 )  recommendat i ons  and  economi c 
data refl ect i ng 1 976 cond i t i on s  i n  Brook i ngs , South Da kota . S pec i fi c 
economi c data were des i gn peri ods  of 10 years for t he hea t i ng and 
venti l ati ng sys tems and of 20 years for the i nsu l a t i on , a n  i nterest  
rate of 10% , propane fuel cost  of $ . 40/gal , and an  e l ectri c energy 
cost of $ . 0 15/ kwhr . The resu l ts of these tests , whi ch  demonstrated 
sati sfactory performance of the computer model , wi l l  be s umm�ri zed i n 
the rema i nder of th i s  secti on , (Tabl e 3) . 
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S i mu l at i on res u l ts  for a 200 head , 18  sq ft/head beef confi nement 
opera ti on , wi th  a m i n i mum i ns i de temperature of 50 F ,  for a Brooki ngs , 
South Dakota , c l i ma te are s umnari zed i n  Fi gures 6 ,  7 and Tabl es 4 ,  5 .  
Fi gure 6 i l l u stra tes  the effect that varyi ng equ i va l ent  bu i l d i ng 
thermal res i sta nce from O to 16  hr-sq ft-F/BTU ha s on annu�l  fi xed , 
operati ona l and  tota l cos ts . I ncreased i ns u l ati on decreas e s  total 
cos t  unt i l a 12 hr-sq ft-F/ BTU i n su l at ion l evel i s  a tta i ned . At 
16 hr-sq ft- F/BTU the cos t of more i n s u l ati on i s  no l onger  offset by 
decreas i ng fuel req u i rements . 
The mos t  economi cal  d i stri but ion of i ns u l ati on  i n  t he vari ous 
bu i l di ng s urfaces for the system to attai n s peci fi c  i n s u l at i on l evel s 
are l i s ted i n  Tabl e 4 .  Cost  of i nsu l ati on for each  bu i l d i ng s urface , 
i ts effecti venes s , and  the maximum a l l owabl e thi c knesses  for the 
parti cu l ar cons truct ion  were cons i dered i n  establ i s h i ng these d i s tri ­
buti ons . Speci fi ca l l y ,  two of the wal l s  and one end s hou l d be 
I ns u l at ion  
Level 
hr- sq ft-F/ BTU 
--
TABLE 3 
S imu l ated Annua l  I n s u l at i on , Fi xed , Heat i ng , 
Operati ng  and Total Costs  for Beef and 
Swi ne Hou s i ng ,  Broo ki ngs , South Da kota . 
I n s u l ati on F i xed Heati ng Fuel  
Cost Cos t  Cost  
$/ head $/ head $/ head 
100 head beef , 1 8  sq ft/ head , 5 0  F mi n i mum temperature 
0 0 . 00 4 . 1 0 8 . 2 1 
4 0 . 84 4 . 7 5 4 . 95 
8 1 . 14 5 . 00 4 . 25 
12  1 . 5 9 5 . 42 3 . 90 
200 head beef , 18 sq ft/ head , 5 0  F mi n i mum temperature 
0 0 . 00 3 . 87 7 . 38 
4 0 .  7 1  4 . 43 4 . 70 
8 0 . 96 4 . 64 4 . 10 
12 1 .  26 4 . 92 3 . 78 
16  2 . 28 5 . 92 3 . 54 
500 head beef , 18 sq ft/ head , 50 F mi n i mum temperature 
0 0 . 00 3 . 74 6 . 89 
4 0 . 64 4 . 25 4 . 52 
8 0 . 87 4 . 44 4 . 00 
12  1 . 09 4 . 64 3 . 7 1  




9 . 1 3 
5 . 84 
5 . 14 
4 . 78 
8 . 30 
5 . 58 
4 . 99 
4 . 67 
4 . 4 1 
7 . 81 
5 . 4 1  
4 . 89 
4 . 60 
4 . 38 
Tota l 
Cos t  
$/head 
1 3 . 23 
10 . 58 
10 . 14  
10 . 2 1 
1 2 . 1 7  
1 0 . 00 
9 . 63 
9 . 59 
1 0 . 34 
1 1 . 55 
9 . 66 
9 . 32 
9 . 24 
9 . 57 
w °' 
TABLE 3 ( conti nued ) 
I nsu l a t i on I n s u l at i on F i xed Hea t i ng Fuel Operat i ng Tota l 
Level Cost  Cost  Cost  Cost  Cost 
hr-sq ft- F/BTU $/ head $/ head $/ head $/ head $/ head 
200 head beef , 15 sq ft/ head , 50 F mi n i mum tempera ture 
0 0 . 00 3 . 84 6 . 68 7 . 59 1 1 . 43 
4 0 . 61 4 . 3 1 4 . 39 5 , 28 9 . 59 
8 0 . 83 4 . 50 3 . 91 4 . 80 9 . 2 9 
1 2  1 . 1 3 4 . 78 3 . 62 4 . 50 9 . 27 
1 6  2 . 24 5 . 88 3 . 41 4 . 29 1 0 . 1 7 
200 head  beef , 2 1  sq ft/ head , 50  F mi n i mum temperature 
0 0 . 00 3 . 91 8 . 09 9 . 01 12 . 93 
4 0 . 81 4 . 54 4 . 98 5 . 88 1 0 . 42 
8 1 . 10 4 . 7 9 4 . 3 1 5 . 20 9 . 99 
1 2  1 . 44 5 . 1 1 3 . 94 4 . 82 9 . 93 
1 6  2 . 41 6 . 06 3 . 66 4 . 54 10 . 60 
200 head beef , 18 sq ft/ head , 40 F mi n i mum temperature 
0 0 . 00 3 . 75 2 . 37 3 . 28 7 . 02 
4 0 . 7 1 4 . 3 1 1 . 2 5  2 . 1 3 6 . 44 
8 0 . 96 4 . 53 1 . 04 1 .  91  6 . 44 
12  1 . 26 4 . 82 0 . 92 1 .  79  6 . 61 
16  2 . 28 5 . 82 0 . 84 1 .  7 1  7 . 52 
200 head beef , 18 sq ft/head , 60 F mi n i mum temperature 
0 0 . 00 3 . 95 1 3 . 97 14 . 85 18 . 80 
4 0 . 7 1 4 . 49 9 . 48 1 0 . 36 14 . 84 
8 0 . 96 4 , 70 8 . 47 9 . 34 14 . 04 
12  1 .  26 4 . 98 7 . 89 8 . 76 13 . 73 
16 2 . 28 5 . 97 7 . 44 8 . 31 1 4 . 28 w '-.J 
TABLE  3 ( conti nued ) 
I ns u l ati on I n su l at ion F i xed Heati ng Fuel  
Level Cost  Cost  Co st 
hr-sq ft- F/BTU $/ head  $/ head $/ head 
200 head swi ne , B sq ft/ head , 50 F mi n i mum temperature 
0 0 . 00 2 . 06 1 . 02 
4 0 . 3 5 2 . 24 0 . 23 
8 0 . 47 2 . 3 1 0 . 1 3 
1 2  0 . 67 2 . 45 0 . 09 
500 head swi ne , 8 sq ft/ head , 50 · F  mi n i mum temperature 
0 0 . 00 1 .  96 0 .  72 
4 0 . 2 9 2 . 10 0 . 18 
8 0 . 39 2 . 1 7 0 . 10 
1 2  0 . 5 1 2 . 25 0 . 07 
16  0 . 78 2 . 49 0 . 05 
1000 head swi ne ,  8 sq ft/ head , 50 F m i n i mum temperature 
0 0 . 00 1 .  91  0 . 63 
4 0 . 27 2 . 08 0 . 1 5 
8 0 . 36 2 . 1 3 0 . 09 
1 2  0 . 46 2 . 18 0 . 06 
16 0 . 65 2 . 36 0 . 04 
Operat i ng 
Cost  
$/ head 
1 . 3 1 
0 . 52 
0 . 42 
0 . 38 
1 . 0 1 
0 . 47 
0 . 39 
0 . 36 
0 . 34 
0 . 92 
0 . 44 
0 . 38 
0 . 35 
0 . 34 
Total 
Co st  
$/ head 
3 . 37 
2 . 76 
2 . 73 
2 . 83 
2 . 97 
2 . 57 
2 . 55 
2 . 61 
2 . 83 
2 . 83 
2 . 52 
2 . 50 
2 . 53 













Tota l cos ts 
Heati ng  fue l cost 
0 8 1
2 16 
Eq u i va l ent  b u i l d i ng therma l res i s tance , h r- s q  ft- F
/ BTU 
F i g ure 6 . Ann ua l  operati onal , f i xed and tota l cos
ts  
as i n fl uenced by i ns u l ati on  l eve l , for a 
200 head , 18 sq ft/ head , 50 F mi n i mum 
temperature , Brooki ngs , South Dakota , 
beef confi nement sys tem 
39 
F i gure 7. 
3 . 5 i n  wa l l  i n s ul ati on 
2 . 5  i n  wa l l i ns ul ati on 
2 s i des , 1 end 
1 end 
4 i n  peri meter i n s u l ati on 
Opti ma l i ns u l at i on d i str i but i on to atta i n an equi va l ent bui l d i ng 
the rma l res i s tance of 12 hr- ft?- ° F/BTU for a 40 x 100 ft s tructure . 
� 0 
TABLE 4 
Opti ma l  I ns u l ati on Di stri but i on for a 2 00 Head 
Beef Un i t ,  18  sq ft/head , 50 F Mi n i mum 
Temperature , Brook i ngs , South  Da kota 
Bu i l d i ng Surface I n s u l at i on Level ; hr-sq  
4 8 1 2  
I n su l ati on Thi c knes ses , 
4 1  
ft - F/BTU 
1 6  
i nc hes 
Cei l i ng s urface 1 . 0  4 . 0 7 . 0  2 1 . 25 
North wa l l  s urface 1 .  5 2 . 5  3 . 5 3 . 5  
South  wa l l  s urface 1 .  5 1 . 5  3 . 5  3 . 5  
Eas t  wa l l  s urface 1 .  5 2 . 2 5 3 . 5 3 . 5  
West  wa l l  surface 1 . 2 5 2 . 0  3 . 5 3 . 5  
Peri meter su rface 4 . 0 4 . 0  4 . 0  4 . 0  
i nsu l ated wi th  the fu l l  a l l owabl e th i ckness  of 3 . 5 i n , one  end wi th 
2 . 5 i n ,  the per i meter wi th the a l l owa bl e th i c kness  of 4 . 0 . i n ,  and  the 
cei l i ng wi th 7 . 0  i n  of i ns u l at i on to achi eve the l owest  cost  opt ima l  
i nsu l at i on d i s tr i but i on that wou l d  prov i de an overa l l equ i va l ent 
bu i l d i ng therma l res i s tance of 12  hr-sq ft-F/BTU , ( Fi gure 7 ) . 
A mont h ly  comp i l a ti on of operat i ng costs  for th i s 200  head system 
i s  i ncl uded to a i d i n  ma k i ng managemen t dec i s i ons , ( Tab l e 5 ) . 
December , January and  February heat i ng costs are 83% of the  annua l 
heati ng cost , caus i ng these months ' env i ronmenta l ma i ntenance  costs to 














Tota l s 
TABLE 5 
Month l y  Operat i ng Costs for a 200 Head Beef 
Un i t ,  18 sq ft/ head , 50  F M i n i mum Temperature , 
12  hr-sq ft-F/BTU , Brook i ngs , South Da kota 
Average Heat i ng Vent i l at i ng 
Temperature , F Fuel Cos t , $* Energy Cos t , $** 
1 2 . 7  257  . 10 6 . 82 
1 6 . 6  1 88 . 2 1 6 . 48 
29 . 4  70 . 86 8 . 36 
44 . 7  5 . 73 1 1 . 38 
56 . 4  0 . 42 1 7 . 49 
66 . 0  0 . 0  2 3 . 64 
7 1 . 4  0 . 0  26 . 85 
69 . 6  0 . 0  26 . 64 
60 . 1  . 47 1 9 . 76 
48 . 0  4 . 39 1 3 . 2 5 
3 1 . 4  50 . 41 8 . 27 
18 . 2  1 79 . 41 7 . 25 
43 . 7 757 . 01 1 76 . 2 1 
* Fuel costs of $ . 40/gal  and 92000 BTU/gal  a ssumed . 
** E l ectri c i ty costs of $0 . 1 5/ kwhr and . 000067 kwhr/cfm assumed . 
Tota l 
Cos t , $ 
263 . 92 
1 94 . 69 
7 9 . 22 
1 7  . 1 1 
1 7 . 91 
23 . 64 
26 . 85 
26 . 64 
20 . 23 
1 7 . 64 
58 . 68 
186 . 66 
933 . 22 
� N 
ranged from a February l ow of $6 . 48 to a J u l y  h i gh of  $26 . 85 ,  due to 
i n creased s ummer vent i l at i on requ i rements . Vent i l at i on system 
operat i ng cos ts  were greater than heat i ng costs  for t he 7 warmest  
months , b ut  wi nter heati ng requ i rements caused heati ng to  be  81%  of  
the annual  operat i ona l costs . 
Ana l ys i s of the heat added to the structure from so l a r  energy 
may a l so  be determi ned u s i ng the s i mu l at i on model . Annua l so l ar  heat 
transfer fuel sav i ngs  amounted to $ 1 1 . 82 for t h i s s tructure wh i ch had 
no wi ndows . 
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Computer s i mu l at i on of beef and swi ne confi nement feed i ng i n  a 
Broo ki ngs , South Da kota , c l imate i nd i cated l es s  envi ronmenta l ma i nte­
nance cost per  head wi th  i ncreased s i ze of operat i on , ( Fi g ure 8 ) . 
Env i ronmenta l ma i ntenance costs for swi ne i n  an opt ima l l y  i n s u l ated 
structure , decreased from $2 . 73 to $2 . 50 per head per yea r as s i ze was 
i ncreased from 200 to 1000 head . Beef env i ronmenta l co sts  decreased 
from $ 1 0 . 14 to $9 . 24 per head per year as opera t i on s i ze i ncreased from 
100 to 500 head . T hese cost reduct i ons were cau sed by the decreas e 
i n  bu i l d i ng  s urface area per ·head of l i vestoc k wi th  i ncrea s i ng s i ze ,  
thereby reduc i ng the conducti ve heat l osses and t he res u l t i ng s upp l e­
menta l  heati ng req u i red per head . The  add i t i ona l factors of  manage­
ment qua l i ty and l i vestoc k hea l th as affected by operat i on s i ze were 
not i ncorporated i nto the env i ronmenta l  ma i ntenance opt i mi zat i on i n  
th i s model . 
Ta bl e 3 emp has i zes the importance of u s i ng adequate l evel s of  
i nsu l at i on for sma l l er operati ons where the bu i l d i ng s u rface area i s  
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Equ i va l ent bu i l d i ng thermal res i stance , hr- ft
2-0F/ BTU 
· Fi g ure 8 .  Total cost  per head as i nfl uenced by 
i ns u l ati on l eve l , and s i ze for Brooki ngs , 
South Dakota , 50 F mi n i mum tempera ture , 
beef and swi ne confi nement systems . 
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rel at i vely h i g h  a s  compared to l i vestoc k head producti on .  A cost  
di fference of $ . 53 per head per year for 200 and  1 000  head swi ne  
feedi ng sys tems wi t h  no i ns u l at ion was reduced to  $ . 20 when an  equi va ­
l ent bu i l d i ng therma l res i stance of  1 2  hr- sq ft- F/BTU wa s added . For 
1 00 and 500 head beef systems the per head per year cos t  d i fference 
of $ 1 . 68 was reduced to $ . 82 as  the i nsu l at ion l evel was ra i sed to 
8 hr- sq ft- F/ BTU . These resu l ts i nd i cate t ha t  as i n s u l a t i on l evel i s  
i ncreased , the advantages of s i ze are reduced . 
I ncrea s i ng mi n imum env i ronmental  temperature for 200 head , 
18 sq ft/ head beef confi nement feed i ng systems i n  a Broo k i ng s , South 
Da kota , cl i mate res u l ted in  a s i gn i fi cant ri se i n  cost of  env i ron ­
menta l ma i ntenance , ( F i g ure 9 ) . Ma i nta i n i ng a m i n i mum i n s i de tempera-
ture of 40 F co st  $6 . 44 per head per year when opt i ma l l y  i n s u l ated . 
Env i ronmenta l ma i ntenance costs  rose to $9 . 59 for a mi n imum tempera-
ture of 50 F and to $ 1 3 . 73 when the mi n imum tempera ture was i ncreased 
to 60 F .  These co st  i ncrea ses are due pri mari l y  to t he i ncreased 
quanti ty of heat i ng  fue l con sumpti on . S i nce th i s model does  not con ­
s i der t he effect of  i ncreased temperature on a n i ma l  feed effi c i ency 
and ga i n , these res u l ts  do not i nd i cate that ma i nta i n i ng a l ower 
mi n i mum i ns i de temperature i s  necessari l y  more effi c i ent  i n  combi ned 
l i ves tock  performance a nd env i ronmental ma i ntenance costs . 
T hese resu l ts s how that as  the mi n imum i ns i de temperature i s  
ra i sed , t he opt i ma l  i n s u l at i on l evel i n  the s tructure i ncreases . The 
most econ�mi ca l  i ns u l at i on l evel of 8 hr- sq ft- F/ BTU equ i va l ent 
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· F i gure 9 .  Tota l cost per head as  i n
fl uenced by 
i n s u l ati on l eve l and l i ves tock  d
ens i ty ,  
for 200 head , 50 F mi n i mum te
mperature , 
Brooki ngs , South Da kota beef 
confi nemen t  
sys tems . 
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i ncreases  to 1 2  a s  the mi n i mum temperature i ncreases to 50  F .  T h i s 
i s  predi cta b l e s i nce there i s  greater conduct i ve and vent i l at i on heat 
l os s  from a warmer bu i l d i ng ,  and because  there a re more hours dur i ng 
wh i ch hea ti ng  i s  requ i red for a warmer bu i l d i ng .  
An i ma l  den s i ty compa ri sons for 200 head beef confi nement  systems 
i n  a Brooki ngs , South Da kota � cl imate demonstrated an envi ronmenta l  
ma i ntenance cost  decrease wi th r�duced fl oor area per head , ( Fi gure 
10 ) . The cos t  decreased from $9 . 93  per head per year for a 2 1  sq ft/ . 
head system to $9 . 29 for a 1 5  sq ft/ head operat i on .  Al so a n i ma l  
dens i ty compari son s i nd i cate i ncreased va l ue o f  i n s u l at i on wi th  
i ncrea s i ng fl oor area per  head , ( Tabl e 3 ) . Envi ronmenta l  ma i ntenance 
cos t  d i fference between 1 5  and 2 1  sq ft/ head beef sys tems wi th  no 
i ns u l a t i on was $ 1 . 50 .  Th i s cost di fference wa s reduced to $ . 43 when 
the equ i va l ent therma l  res i stance was i ncreased to 16 hr-sq  ft- F/BTU . 
An i ma l  performance as  affected by dens i ty wa s not con s i dered i n  th i s  
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Fi gure 10 . Total  cost per head as i nf l uenced by 
i ns u l ati on l eve l  and mi n i mum envi ron­
mental temperature , for 200 head , 
18 sq ft/head , Brook i ngs , South Dakota 
beef confi nement systems 
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SUMMARY AND CONCLUS I ONS 
A genera l i zed compu ter model pred i cti ng  energy and  ma s s  transfers 
i n  confi nement l i vestock  structures was devel oped to opt im i ze i ns u l a ­
ti on d i stri but i on and  heat i ng a nd  venti l at i ng  system des i gn s . C l i mat­
ic cond i t i on s , con struct i on and materi a l  types , env i ronmenta l manage­
ment c ho i ces and  economi c data are used in the model  to determi ne 
mont h ly  heat i ng  and vent i l at i ng  costs and annua l fi xed and operat i ng 
costs . The s imu l ati on cons i ders l i vestoc k and equ i pment  heat p roduc- · 
t i on , s upp l ementa l heati ng , therma l storage and so l a r , conduct i on , 
vent i l at i on and i nfi l tr·a ti on heat  transfers , and bases  vent i l at i on on 
moi sture remova l ,  temperature control and an ima l  comfort cons i dera­
ti ons . Sati s fa ctory performance was obta i ned i n  ten beef and  swi ne 
system s imu l at i ons . 
Th i s model  can be used to s imu l ate greenhouse  and res i dent i a l 
house  envi ronmen ts wh i c h u se  no summer a i r cond i ti on i ng . The model  
a l so ha s the capabi l i ty of prov i d i ng i nforma t i on on a wi de  range of 
env i ronmenta l ,  c l ima t i c ,  economi c and management cond i t i on s . 
The fo l l owi ng conc l u s i ons res u l t from thi s work : 
1 )  Envi ronmenta l ma i ntenance costs decrease  wi t h  i ncreased  
opera t i on s i ze .  Th i s i s  most pronounced wi th l ow l evel s 
of  i n s u l a t i on . 
2 )  Reduc i ng mi n i mum envi ronmenta l temperatures reduces the 
eriv i ronmenta l ma i ntenance costs and the opt ima l  i n s u l at i on 
l evel . 
3) I n crea s i ng fl oor s urface area per head ( decreas i ng an ima l  
den s i ty .) i ncreases env i ronmenta l ma i ntenance costs  and the 
opti ma l  i n s u l at ion l evel . 
4 )  For Broo k i ngs , South Da kota , c l imati c cond i t i on s  a n  equ i va ­
l ent  b� i l d i ng therma l res i stance o f  approx ima te l y  
5 0  
1 2  hr- sq  ft-F/BTU i s  optimum for a 200 head beef bu i l d i ng .  
5 )  For a Broo k i ngs , South pakota , 200 head beef conf i nement  
sys tem wi th  is sq ft/ head and a mi n i mum env i ronmenta l 
tempera ture of 50 F ,  the i deal i n su l at i on d i s tri but i on i s  a s  
fo l l ows : 7 i n  cei l i ng , 3 . 5  i n  both  s i des  and  one  end , 2 . 5  i n  
the other  end , and 4 . 0  i n  peri meter . 
6 )  Supp l ementa l  heati ng and i nsu l ati on costs  p roved to be the 
p redomi nant  factors to con s i der for opt im i z i ng env i ronmenta l 
contro l  sys tem des i gn i n  Brooki ngs beef and  swi ne operat i on s . 
7 )  Month l y operat i ng cos ts for a 200 head , 18  sq ft/head , 50 F 
mi n i mum temperature , beef confi nement system i n  Broo k i ngs , 
South  Da kota , ranged from a l ow of $ 1 7 . 1 1 i n  Apr i l to a h i g h 
of $263 . 92 i n  January .  
8 )  Sol ar hea t transfer sav i ngs i n  heati ng cos ts were $ 1 1 . 82 for 
a 200 head , 18 sq ft/ head , 50 F mi n imum temperature beef 
confi nement sys tem wi th no wi ndows in Broo ki ngs , South  
Da kota . 
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L i st of Symbol s  
Des cr i pt i on 
D i men s i oned a l phanumeri c  var i ab l e for spec i fi ca t i on of  
a n i ma l  s i ze and dens i ty .  
S u rface so l ar absorpt i v i ty ,  dec i ma l . 
Stud depth  - i n s u l at i on t h i c knes s , i n .  
Lat i tude of bu i l d i ng l ocati on , deg , rad . 
Ma s s  a i r  fl ow rate for mo i sture con trol , l b/ hr . 
Ma s s  a i r  fl ow rate for temperature contro l , l b/ hr .  
N umber  o f  l i vestoc k .  
Area o f  bu i l d i ng surfaces or l ength  o f  peri meter 
s u rfaces , sq ft or  -ft ( negat i ve for d i fferen ti a t i on ) .  
Roof s urface area , sq ft . 
Abso l ute temperature i n s i de ,  R .  
Abso l u te temperature outs i de ,  R .  
Outs i de bu i l d i ng surface area exc l ud i ng per imeters , 
s q  ft . 
Tempera ture d i fference , i n s i de - outs i de ,  F .  
Outs i de temperature , F .  
Outs i de rel at i ve humi d i ty ,  dec ima l . 
T herma l conductance of sti l l  a i r  s pace , BTU/ h r-sq  ft-F .  
Hea t i ng system capac i ty ,  BTU/ hr . 
Abso l ute va l ue ,  heat i n  - heat out , for hourl y ene
rgy 
ba l a nce , BTU/ h r .  
Abso l ute va l ue heat i n  - heat out , for hou
r l y energy 
ba l ance after i ncrement i ng i n s i de temperature , BTU/
hr . 
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C I C ,  




C I V  
Descri p t i on  
Abso l ute va l ue ,  heat i n  - heat o u t , for hour ly  �nergy 
ba l ance before i ncrement i ng i n s i de temperature , BTU/ hr . 
Vent i l at i on rate , cu  ft/mi n .  
Max imum a l l owabl e vent i l at i on rate , c u  ft/m i n .  
Con s tants  for cal cu l at i ng max i mum a l l owa bl e vent i l at i on 
rate , cu  ft/mi n ,  cu ft/mi n - F , res pect i ve l y .  
Max i mum month ly  venti l at i on rate , c u  ft/m i n .  
M i n i mum month ly  venti l at i on rate , c u  ft/mi n .  
Max i mum yearly vent i l ati on ra te , c u  ft/m i n .  
Ven t i l at i on rate before i ncrementi ng  i n s i de tempera ture , 
c u  ft/mi n . 
Ven t i l at i on energy cost , $/year . 
Co l d wea ther venti l at i on energy , kwhr/mont h . 
Neutra l weather ven t i l a t i on for mo i sture remova l ,  
kwhr/month . 
Neutra l weather vent i l at i on energy for temperature 
contro l , kwhr/month . 
Hot  weat her venti l a t i on energy , kwhr/month . 
So l a r  a l t i tude wi th respect to hori zon , rad . 
Constants  for ca l cu l a t i ng i n su l at i on cos t , $/ s q  ft , 
$/ sq  ft- i n , respect i ve ly . 
Surfa ce i n s u l at i on cos t ,  $ .  
Col d weather venti l at i on ,  hr/month . 
Neutra l  weather venti l at i on for mo i s ture con
tro l , 
hr/month . 
1 Neutra l weather vent i l at i on for temper
ature contro l , 
hr/mont h . 























Descri pti on 
Hot weather vent i l at i on , hr/month . 
Bu i l d i ng thermal conductance , BTU/ hr- F .  
D i rec t i on cos i ne ,  dev i ati on from south  o f  s u rface 
norma l , rad . 
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D i rect i on cosi ne , dev f ati on from south  of  i n sol at i on , rad . 
B u i l d i ng i nsu l ati on cos t , $ .  
Heati ng system energy cost , $/BTU . 
Vent i l a ti on system energy cost , $/ kwhr . 
Hea t i ng system cost , $ .  
Con s tants  for cal cu l ati ng heati ng  system cos t , $ ,  $/ BTU , 
respect i vely . 
I n verse of i ns u l a t i on cost , 1000/$ . 
Annua l i n s u l ati on cost , $/year .  
Venti l at i on system cos t , $ .  
Con stants for ca l cul ati ng venti l ati on system cos t , $ ,  
$/cfm ,  respect i vely . 
D i rec t i on cos i ne ,  dev i ati on from vert i ca l  of  s u rface 
norma l , rad . 
D i rect i on cos i ne ,  dev i ati on from west  of  s urface  norma l , 
rad .  
Di rect i on cos i ne ,  dev i ati on from west o f  i nso l a t i on , rad . 
I nc i dence ang l e of  i n sol ati on to s urface norma l , rad . 
D i rect i o n  cos i ne ,  dev i ati on from vert i ca l  o f  i n sol a t i on , 
rad . 
Energy bal ance excl udi ng vent i l ati on  effect , BTU/ hr . 
I n s u l a ti on cost for bui l d i ng surface , $ .  


















H I , HO 
I CE I L  
I PER 
I READ 
Descri pti on 
Max imum and mi n i mum da i ly temperature or  rel ati ve 
humi di ty di fference , F or deci ma l . 
Days/month . 
Dec l i nat ion ang l e  of s un , deg , rad . 
Hea t i ng system des i gn l i fe ,  year .  
I n s u l a t i on des i gn l i fe ,  year . 
Energy ba l ance , heat i n  - heat out , BTU/ hr . 
Equ i va l ent bu i l d i ng therma l res i stance , hr-sq  ft- F/ BTU . 
Ann ua l  venti l ati on system fi xed cost , $/year . 
Ann ua l suppl ementa l heati ng system fi xed cost , $/year .  
Suppl ementa l  heati ng energy cost , $/month . 
Annua l fi xed costs , $/year . 
Co l d  wea ther venti l at ion energy co st , $/month . 
Neutra l wea ther venti l ati on energy costs  for mo i stu re 
remova l , $/month . 
Neutra l wea ther venti l ati on energy costs  for temperature 
contro l , $/month . 
Hot weather vent i l at ion energy cost , $/month . 
Surface i n su l ati on th i c kness  mi n i mum and  max imum , i n .  
Hour  angl e ,  rad . 
I n s i de ,  outs i de convect i on - rad i at i on heat transfer  
coeffi c i ents , respecti ve ly , BTU/ hr-sq  ft- F . 
Number of cei l i ng surfaces , e i ther 0 or 1 .  
Number of per imeter surfaces . 
Compu ter i nput number � i nteger . 
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Var i a b l e 



















Descri pt i on 
Computer output  number , i nteger . 
Number of  bu i  1 d i ng s urfaces , i n teger  1 e s s  t han 2 1 .  
I ns u l at i on conducti v i ty ,  BTU/ hr-sq  ft - F/ i n .  
N umber of  roof and cei l i ng  s u rfaces  i f  a c e i l i ng i s  
present . 
Stud conduct i v i ty ,  BTU/ hr- sq  ft- F/ i n .  
Number of  roof and wa l l  s urfaces � 
I nd i cates neutra l weather vent i l at i o n  for mo i sture 
remova l pri o r  to i ncrement i ng i ns i de temperature . 
I nd i cates neutra l weather vent i l ati on  for temperature 
control  pr i or  to i ncrement i ng i n s i de temperature . 
I n d i cates  hot weather vent i l at i on pri o r  to  i ncrement i ng 
i n s i de temperature . 
I n d i cates neutra l weather  vent i l at i on for mo i s tu re 
contro l . 
I n d i ca tes  neutra l weather vent i l at i on for temperature 
contro l . 
I nd i cates hot weather venti l a t i on . 
Annua l  system operat ing  cos ts , $ .  
Atmo spher i c  press ure , p s i . 
Rat i o  of i n s u l at i on cav i ty area to the combi ned a rea o f  
t h e  i n s u l at i on p l us  stud area , dec i ma l  ( negat i ve to 
d i fferent i ate perimeter s urfa ces ) . 
I n s i de water vapor pressure , ps i . 
Outs i de water vapor press ure , p s i . 
Vent i l at i on  energy consumpt i on , kwhr/year .  
B u i l d i ng conducti ve heat tran sfer , BTU/ hr . 







Q I NF I L  
QL 
QSB , QSM 
QPCT 
QPER 









Descri pt i on 
Col d weather conducti ve heat l os s , BTU/month . 
S urface d i rect sol ar energy , BTU/hr- sq  ft . 
Surface d i ffuse  so l ar energy , BTU/ hr-sq  ft . 
Hori zonta l surface d i ffuse so l ar energy , BTU/ sq  ft- hr . 
Vert i ca l  surface d � ffuse sol ar  energy , BTU/ hr-sq ft . 
D i rect norma l sol ar  energy , BTU/ hr-sq  ft . 
I nfi l trat i on heat transfer , BTU/ hr . 
L i vestock l atent heat producti on ,  BTU/ hr . 
Cons tants  for ca l cu l ati ng l atent heat producti on , 
BTU/ hr- head , BTU/ hr-head-F , respect i ve l y . 
Ra ti o of average actual so l ar  rad i a t i on to the pred i cted 
c l ea r  day rad i ation , deci ma l . 
Perimeter conduct i ve heat l os s , BTU/ hr . 
Con s tants for ca l cu l ati ng sen s i bl e  heat p roduct i on ,  
BTU/ hr- head , BTU/ hr- head- F , respect i ve l y .  
S urface so l ar  energy absorbed , d i ffuse  + d i rect , 
BTU/ hr- sq  ft . 
Supp l ementa l heat i ng energy cost , $/year . 
B u i l d i ng t herma l capac i ty + 2 ,  BTU/ hr- F .  
B u i l d i ng s o l ar energy ga i n ,  BTU/ hr . 
Supp l emental  heat i ng energy , BTU/month . 
Supp l ementa l heati ng energy , BTU/year .  
Sol a r  energy transmi tted through bu i l d i ng s urfaces , 
BTU/ hr . 
Venti l at i on heat transfer , BTU/ hr . 
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R I  
R I NF 
R I N I T  
R I NT 
RR 
Descr i pti on 
Col d weather vent i l at i on heat l o s s , BTU/mont h .  
Co l d  weather sol a r  heat ga i n , BTU/month . 
Hot weat her  so l ar heat ga i n , BTU/month . 
Surface  therma l res i s tance , hr-sq ft- F/BTU . 
I n s u l ati on added , i n .  
Therma l equ i va l ent  res i stance chec k .  
Combi ned roof and cei l i ng t herma l res i s tance , 
hr-sq ft-F/BTU . 
Equ i va l ent bu i l d i ng therma l res i s tance added , 
hr- sq  ft- F/BTU . 
Equ i va l ent bui l d i ng therma l res i stance pos s i bl e ,  
hr- sq  ft- F/ BTU . 
Average da i l y maxi mum re l ati ve humi d i ty per month , 
dec ima l . 
I n s i de des i gn rel ati ve humi d i ty ,  dec ima l . 
Average da i ly mi n i mum rel ati ve humi d i ty per month , 
dec ima l . 
Outs i de rel ati ve humi di ty ,  dec ima l . 
I n i t i a l  s urface therma l res i s ti v i ty ,  exc l ud i ng i ns i de 
and  outs i de convection  - rad i at i on coeffi c i ents , 
hr- sq ft - F/ BTU . 
I nfi l trati on rate , a i r  change/ hr . 
I n i t i a l eq ui va l ent bu i l d i ng therma l res i s ta nce , 
hr- sq  ft- F/BTU . 
I nvestment i nterest rate , dec i ma l . 
Roof conducti ve heat l o ss , BTU/ hr . 
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Var i a b l e 
RTOT 
RW 
SA , SB , 
SC  
SD  




T I  
TI H I  
T I LO 
T I N  
T I NS 
T IO  
T I X  
T I Y  
TMAX 
TMI N  
Descr i pt i on 
Eq u i va l ent bu i l d i n g therma l res i s tance , hr-sq  ft- F/ BTU . 
Wa l l conduct i ve heat l os s , BTU/ hr . 
So l ar coeffi c i ents from ASHRAE ( 4 ) . 
S tud depth i n  i n s u l at i on cav i ty ,  i n .  
S urface heat capac i ty ,  BTU/ sq ft- F .  
I n s u l at i on heat capac i ty ,  BTU/ sq  ft- F/ i n .  
S urface heat capac i ty wi thout i n s u l at i on , BTU/sq  ft - F .  
Rat i o o f  average actua l so l ar rad i at i o n  t o  t he 
pred i cted cl ea r day radi ati on , dec i ma l . 
I n s i de temperatu re , F .  
Opt i ma l  i n s i de temperature ( temperature a t  wh i c h  vent i l a ­
ti on  fo r temperature control beg i ns ) ,  F .  
Mi n imum i n s i de temperature ( temperature a t  wh i c h heat i ng  
beg i n s ) ,  F .  
I nc remen ted i n s i de temperature , F .  
Max i mum i n s u l at ion  t h i ckness , i n .  
I n s i de temperature p r i o r  to mos t  recent i nc rement , F .  
I n s i de tempera ture - 0 . 5 F ,  F .  
I n s i de temperature + 0 . 5 F ,  F .  
Average da i l y max imum temperature per month , F .  
Avera ge da i l y m i n imum temperature per mont h , F .  
TO Outs i de temperature , F .  
TOTAl Annua l  operati ng and fi xed costs , $/year . 
T R Surface so l ar  transmi ss i v i ty ,  dec i ma l . 
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Var i ab l e 
TW I 









WS I , WSO 
y 
z 
Descri pti on 
S urface temperature i ncrease  due to so l ar  energy , F .  
Prev i ous  hour ' s  sol ar  energy effect i ve s urf�ce 
temperature i ncrease , F .  
I ns i de a i r  s peci fi c vo l ume , cu ft/ l b .  
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Cons tants  for ca l cu l at i ng venti l at i on energy cons umpti on , 
kwhr , kwhr/cfm , respecti vely . 
Average standard dev i at i on of da i ly max i mum and  mi n i mum 
temperatures  wi th i n  month , respect i ve l y , F .  
Structura l cav i ty vol ume , c u  ft . 
O�ts i de humi d i ty rat io  + 0 . 00005 , l b  water/ l b a i r .  
L i ves toc k moi s ture product i on , l b  water/ hr . 
I ns i de and outs i de humi d i ty rati o s , respect i ve l y , 
l b  water/ l b a i r .  
Ra t i o  o f  verti cal s ky d i ffuse radi ati on to hori zonta l 
s ky d i ffuse  rad i a t i on , dec ima l . 
Standard random norma l vari ab l e correspond i ng to 30 
equal  proba bi l i ty ranges . 
APPEN D I X  B 
L I ST  OF  EQUAT IONS  
Ma i n  Program 
Conduct i on equat i ons : 
1 )  CONDX = AREA �J )  
R(J 
L I ST OF  EQUAT I ONS 
CONDX - Bu i l d i ng t herma l conductance , BTU/ hr-F . 
AREA ( J ) - Area of s urface J , sq ft . 
R ( J ) - Therma l res i s tance of surface J , hr-sq  ft- F/ BTU . . 
2 )  QCON = CONDX  * ( T I -TO ( I ) )  
QCON - Bu i l d i ng  conducti ve heat transfer , BTU/ h r . 
T I  - I n s i de temperature , F .  
TO ( I )  - Outs i de temperature a t  hour I ,  F .  
Therma l s torage  due  to c hang i ng temperature equat i ons : 
1 )  QSTOR = SH ( J )  * AREA (J )  
2 
QSTOR - Bu i l d i ng thermal capac i ty � 2 ,  BTU/ hr- F .  
S H ( J ) - Heat capac i ty o f  surface J , BTU/ hr-sq  ft- F . 
2 )  Q s tored = Q STOR * ( (T I N-T I ) + (TO ( I ) -TO ( I - 1 ) ) )  + 
( T I N -T I ) * VOL * . 24/V 
Qstored - B u i l d i ng therma l s torage between hou rs  I - 1  and I ,  
BTU/ hr . 
T I N  - I n s i de tempera ture for hour I ,  F .  
T I  - I n s i de tempera ture for hou r I - 1 ,  F .  
VOL - Structura l cav i ty vol ume , cu ft . 
V - I n s i de a i r  spec i f i c  vo l ume , cu ft/ l b .  
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So l ar energy equat i ons : 
1 )  TWI ( J )  = ( QSOLAR ( I , J ) +TWI O (J ) *SH (J ) / 2 )  I 
( 1/ ( R ( J ) - 1/ HO ( J ) )  + SH (J ) / 2  + HO ( J ) )  
TWI ( J ) - Effect i ve so l ar temperature i ncrease  of  s u rface  J ,  F .  
QSOLAR ( l , J )  - Di ffuse  and d i rect so l ar energy a bs orbed by 
surface J at  hour I ,  BTU/ hr- sq  ft . 
TWI O ( J ) - Effecti ve sol ar temperature i ncreas e  for prev i ous  
hour on surface J , F .  
HO ( J ) - Outs i de convect ion - rad i a ti on heat transfer  
coeffi c i ent for surface J ,  BTU/ hr- s q  ft- F .  
2 )  QSUN ( I )  = TWI �J)  * AREA�J)  
R(J - 1/HO(J 
QSUN ( I ) - Bu i l d i ng so l ar energy ga i n  for hou r  I ,  BTU/hr . 
L i vestock s en s i b l e heat product i on equat i on :  
1 )  Qprod = ( QSM * T I  + QSB ) * ANUM 
Qprod - L i vestock  sens i b l e  heat  product i on , BTU/ h r . 
QSM , QSB - Cons tants for ca l cu l at i ng l i vestock sens i bl e  heat 
product i on ,  BTU/ heat� F ,  BTU/ head , respect i ve l y .  
ANUM - Number o f  l i vestock . 
Energy ba l an ce equati on : 
1 ) DQ = Qprod - QCON + QSUN ( I )  - Qstored - QVENT 
DQ - Heat i n  - hea t out , BTU/ hr . 
QVENT - Vent i l a t i on heat transfer , BTU/ hr . 
Sub�outi nes REST , OPT I N , MER IT  
Therma l  res i stance equati ons : 
66 
On ly one of the fo l l owi ng surface therma � �es i stance cases
 appl i es 
to any one surface for a speci fi c set of cond 1 t 1 ons . 
Case  1 :  T he rma l res i stance for a s urface wh i c h ha s a s t i l l  a i r  s pace . 
R ( J ) = R I ( J ) +l/HO ( J )+l/H I ( J ) +l/ ( ( 1 - P I C J ) ) * KS ( J ) / 
S D ( J ) +P I ( J ) *KI ( J ) / ( RA ( J ) +KI ( J ) /CA ( J ) ) )  
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Case  2 :  T herma l res i s tance for a surfac e  wh i ch h a s  no s t i l l  a i r s pace . 
R ( J ) = R I ( J ) + l/HO ( J )+l/HI ( J )+RA ( J ) / ( ( 1 - P I ( J ) ) * 
KS ( J )+P I ( J ) *K I ( J ) )  
Ca s e  3 :  Therma l res i stance for a s urface whi ch ha s i n s u l a t i on 
th i c knes s greater than the j o i st  depth . 
R ( J ) = R I ( J } +l/HO ( J ) + l/H I ( J )+SD ( J ) / ( ( 1 - P I ( J ) ) *  
KS ( J ) +P I ( J ) *KI ( J ) ) -ACH K/ K I ( J ) 
Ca se  4 :  Therma l res i s tance for a perimeter s u rface . 
R ( J ) = R I ( J ) + RA ( J ) / KI ( J )  
R I ( J ) - I n i t i a l  therma l res i stance , excl ud i n g  i n s i de and  outs i de 
convect i on - rad i ation  coeffi c i ents , for s u rface J ,  
h r - sq  ft- F/BTU . 
H I ( J ) - I n s i de co nvecti on - rad i at i on coeffi c i ent  for s urface J , 
BTU/ hr-sq  ft-F .  
P I ( . J ) - Rat i o o f  i n s u l at i on cav i ty area to the comb i ned a rea of 
the i n s u l at i on p l u s  stud area for s u rface J ,  dec ima l . 
KS ( I ) - Stud conducti v i ty for surface J , BTU/ hr- s q  ft- F/ i n .  
Kl ( J )  - I n s u l a t i on conducti vi ty for s urface J ,  BTU/ hr- sq  ft-F/ i n . 
RA ( J ) - I n s u l a t i on added to s urface J ,  i n .  
CA ( J ) - T herma l conductance of dead a i r  s pace , BTU/h r- s q  ft- F .  
Eq u i va l ent  bu i l d i ng therma l res i s tance equati ons : 
1 )  RTOT = ATOT/ (AREA ( J ) / R ( J ) )  
RTOT - Equ i va l ent bu i l d i ng thermal res i stance , hr-sq  ft- F/ BTU . 
ATOT - outs i de bu i l d i ng surface area exc l ud i ng founda t i on , sq  ft . 
2 )  IQRES = RESA + R I N I T  
. 1  
EQRES - Requ i red equ i va l ent bu i l d i ng therma l re s i s ta nce , 
hr- sq  ft- F/ BTU . 
RESA - Eq u i va l en t  bu i l d i ng res i stance a dded , h r - sq  ft-F/BTU . 
R I N I T - I n i t i a l  equ i va l ent bu i l d i ng therma l re s i s tance , 
hr- sq ft- F/ BTU . 
I n s u l at i on cos t equat i on : 
1 )  COST = ( ( C I V ( J ) * RA ( J ) + C I C ( J ) )  * AREA ( J ) )  
COST - B u i l d i ng i ns u l at i on cos t , $ .  
C I V ( J ) , C I C ( J ) - Con stants for ca l cu l a t i ng i n s u l a t i on cos t for 
surfa ce J , $/ i n , $ ,  res pec t i ve ly . 
S u brout i ne VENT 
L i ve s tock  mo i s tu re producti on eq uat i ons : 
1 )  QL  = QLM * T I  + QLB 
QL  - L i vestoc k l atent heat product i on , BTU/ hr- head . 
QL , QLB  - Constant s  for ca l cu l at i ng l i ves to c k  l a tent  heat 
product i on ,  BTU/ hr- head-F , BTU/ hr- head , respec t i ve l y .  
2 )  W E  = Q L  * ANUM I 1 06 1  
WE - L i ves toc k mo i sture product i on , BTU/ hr . 
Psychrometr i c propert i es of i n s i de and outs i de a i r  equat i ons : 
1 )  PV I = RH I *EXP ( 54 . 632 9- 12301 . 688/AT I - 5 . 1692 3*ALOG ( AT I ) )  or  
RH I *EX P ( 23 . 3924- 1 1 286 . 6469/AT I - . 46057*ALOG ( AT I ) )  
PV I  - I n s i de water vapor pres s u re ,  p s i . 
RH I - I ns i de des i gn rel at i ve humi d i ty ,  dec i ma l . 
AT I - I n s i de a bso l u te temperature , R .  
68 
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2 )  P V I  = B3*EXP ( 54 . 6329- 1 2301 . 688/AT0-5 . 16923*ALOG ( ATO ) ) or 
B3*EXP ( 23 . 3924- 1 1 286 . 6469/AT0- . 46057*ALOG ( ATO ) ) 
PV I  - Outs i de wa ter vapor pre s s ure , p s i . 
83 - Ou t s i de rel a t i ve humi d i ty ,  dec i ma l . 
ATO - Ou t s i de a bsol u te tempera ture , R .  
3 )  WS I = . 62 1 9*PV I / ( PATM-PV I )  
WS I - I n s i d e hum i d i ty ra t i o , l b  wa ter/ l b  a i r .  
PATM - Atmo s p her i c  pres s u re , ps i . 
4 )  WSO = . 62 1 9*PVO/ ( PATM-PVO ) 
WSO - Out s i de humi d i ty ra ti o ,  l b  wa ter/ l b a i r .  
5 )  v = ( WS I 885 . 78*AT I ) I { 144*PV I ) 
V- i n s i de a i r spec i fi c  vol ume , cu ft/ hr . 
A i r fl ow equa t i on s : 
1 )  AMASS = WE / ( WS I - WSO ) 
AMASS - Ma s s  a i r  f l ow rate for mo i s tu re remova l , l b/ h r . 
2 )  AMl = DQ I ( . 24 * ( T I  - B2 ) )  
AMl - Ma s s  a i r  fl ow ra te for temp era ture contro l , l b/ hr . 
82 - Outs i de tempera ture , F .  
3 )  C FM = AMASS * V I 60 
CFM - vol ume a i r  fl ow ra te , cfm . 
4 )  CFM = C FMAV * ( T I -T I LO )  + CFMAC 
C FMAV , C FMAC _ con s tants for ca l cu l a t i ng  ma x i mum vo l ume a i r fl ow 
ra te , cfm/ F , cfm , re s pec ti ve l y . 
· 
Ve n t i l a t i on heat tra n s fer equa t i on : 
1 ) QVENT = 60 * C FM * . 24 * ( T I  - B2 ) I V 
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I n fi l tra t i on heat transfer equati on : 
1 )  Q I N F I L  = R I N F  * . 24 * VOL * ( T I -82 ) I V 
Q I N F I L  - I nfi l trat i on heat tran s fer , BTU/ h r . 
R I NF - I nfi l trati on rate , a i r  c hange/ hr . 
S u brou t i n e  SOLAR 
I n s o l at i on d i rec t i on cos i ne eq uati ons : 
1 )  COSZ = S I N ( ALAT ) *S I N ( DECL ( M ) ) +COS (ALAT ) *COS ( DECL ( M ) ) *COS ( H )  
COSZ - D i recti on cos i ne ,  dev i at i o n  from vert i ca l  of  
i n so l at i on , rad  . 
. ALAT - Bu i l d i ng l at i tude , rad . 
DECL ( M )  - Decl i nati on ang l e  of s un for month  M ,  rad . 
H - Hour  ang l e ,  rad .  
2 )  COSW I = COS ( DECL ( M ) ) *S I N ( H )  
COSWI - D i rect i o n  cos i ne ,  devi at i on from wes t  o f  i n so l a t i on , rad . 
3 )  COSS I  = ( 1 - COSW I *COSW I - COSZ*COSZ ) 
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COSS ! - D i recti on  cos i ne ,  dev i ati on from south  of i n so l at i on , rad . 
I n so l ati on equat i ons for bu i l d i ng surfa ces : 
1 )  COSX = COXV ( J ) *COXZ + COSW ( J ) *COSW I + COSS ( J ) *COSS I 
COSX - I nc i dence ang l e of i n so l at i on to s u rface  normal , rad . 
COSV ( J ) , COSW ( J ) , COSS ( J ) - D i rect ion cos i ne s , d ev i at i on  from 
vert i ca l , west  and south  respecti ve ly  of  s urface J 
norma l , rad . 
2 ) QDN · = SA ( M )  I EXP ( SB (M ) /COSZ ) 
QDN - D i rect norma l so l ar  energy , BTU/ hr-sq  ft . 
SA ( M ) , S B ( M ) - Sol a r  coeffi c i ents for month  M ,  ASHRAE ( 4 ) . . I 
3 ) QD = QDN * COSX * QPCT ( M )  
Q D  - Su rface  d i rect so l ar energy , BTU/hr-sq  ft . 
Q PCT ( M )  - Rati o of average actua l so l ar rad i at i on to the  
pred i c ted c l ear day rad i at i on for month  M ,  dec ima l . 
4 )  QDF = ( QDFH- (QDFH-QDFV ) * ( l -COSV ( J ) ) )  * QPCT ( M )  
QDF  - Surface d i ffu s e  sol ar  energy , BTU/ hr-s q  ft . 
QDFH , QDFV - Hori zonta l and vert i ca l  surface d i ffu s e  so l ar 
energy , respe.cti vely , BTU/ hr- s q  ft . 
5 )  QSOLAR ( I , J )  = ( QD+QDF ) * AB ( J ) 
AB ( J ) - So l a r a bsorpt i v i ty of surface J , dec i ma l . 
6 )  QTR ( I )  = ( ( Q D+QDF ) * TR ( J ) )  
QTR ( I )  - Bu i l d i ng so l ar energy transmi tted fo r hour  I ,  BTU/hr . 
TR ( J ) - Sol a r  transmi s s i v i ty of s urface J ,  dec i ma l . 
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APPEND I X  C 
PROGRAM L I ST I NGS AN D FLOW D I AGRAMS 
j IJj I 
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PROGRAM L I ST I NGS 
Ma i n  Program 
F O R TR AN l V  G L E V E L  2 1  D A T E  • 7 6 1 1 2  2 2 /  1 0 / 56 
0 0 0 1  
0 0 0 2  
0 0 0 3  
OOOlt 
0 0 0 5  
0 00 6  
0 0 0 1  
0 0 0 8  
0 0 09 
0 0 1 0  
O O l l  · 
0 0 1 2  
0 0 1 3 
O O llt  
0 0 1 5  
0 0 1 6  
0 0 1 7 
0 0 1 8 
0 0 1 9  
002 0 
002 1 
O Q 2 2  
00 2 3  
0 0 2 1t  











1 1 0 
c 
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1 2 0  
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D l M E N S I O� T M A X C 1 2 l , T M J N C l 2 ) , V M A X ( l 2 ) , V M l N C 1 2 l , S P C T l 1 2 l t S A l l 2 ) ,  
• S O I 1 2  > , SC I l 2 I , D E C  U 1 2  l , D A V S  C 1 2 ) , R HL ( 1 2  ) , R H H  C 1 2  > , S H ( 2 0 ) ,  R A C 2 0 ) ,  
• C O S V C 2 0 ) , C O S W l 2 0 ) , C O S S C 2 0 ) , A B t 2 0 l , T R C 2 0 1 ,  A C 2 0 l t  
• R H 0 ( 2 4 ) , T 0 1 2 5 1 , QS O L A R C 2 4 , 2 0 1 , Q S U N C 2 4 J , Z C 30 ) , T W l ( 2 0 ) , T W I O C 2 0 ) 
R E A L 1< 1 ( 2 0 ) , K � ( 2 0 l  
C O M M ON SH I C 2 0 ) , S H W ( 2 0 ) , R I C 2 0 ) , A R E A C 2 0 ) , H I C 2 0 ) , H0 l 2 0 ) , C 1 V C 2 0 ) , C J C C 2  
• O J , K l 1 T I N S C 2 0 ) , S 0 ( 2 0 ) , K S , P l l 2 0 l , C A l 2 0 ) 1 R C 2 0 ) , 
• t Q R E S , A T O T , NR , N W , I P E R , 1 C � l l 1 K t K N 
I R E A O  • 5 
I WR J T E  • 6 
• • • • •  I NP U T D A T A • • • • •  
I N P U T  M O N T H L Y  C L I M AT I C  D A T A 
DO 5 M = l , 1 2 
R E A D C I R E A 0 , 1 0 0 )  T M A X I M l , T M I N C M l , V M A X ( H ) , V � J N C M ) , S P C T ( � > , S A C M l ,  
• S B C M l , S C C M l , D t C L ( M ) , O A Y S ( M J , R H L C M ) , R H H C M l  
D E C L I M I = D EC L 1 M l • ( 3 . 1 4 l 5 9 / l 8 0 . l 
F O R M A T U 2 F 6  .. 0 )  
I N P U T  E NV I R ON M E NT A L  D E S I GN DA T A  
R E A D l l R E A D , 1 09 )  C A C 1 l t l • l t 2 0 )  
F G K ii 4  � { 2 0 A 4  I 
o i= A n r t R. E A o , 1 1 � > T t t o , r rn 1 , c s H , Q S B , Q L M , O L B , A "I UM , R I N F 
R E A D C I R E A 0 , 1 1 0 )  C F M A V , C F M AC , R H I , P A T M , A L A T  
F O R MA T <  8 F l 0 . 0 )  
J � P U T  S T R UC T U R A L  D A T A 
R E A D C I R E A 0 , 1 2 0 )  V OL , NR , NW , J P E R , I � E I L  
F O R M A T C F l O . O ,  5 1 1 )  
K = N R  + I C E I L  + NW + I P E R  
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8 1  c o s v  • • • • • • A N G L E  B E T W E E N  N OR M AL ANO V E R T I C A L ' • ' • 
9 '  c o s w  • • • • • •  A N G L E  BE T W E E N  NOR M A L ANO � E S T • , / , 
l '  c o � s  • • • • • •  A N G L E  B E T W E E N  N O R M A L  A�D S O U T H • , / / )  
WR I T E ( f WR I TE , 862 ) 
862 F O R M A T  C 
c 
2 ' AB • •  � • • • • •  A B S O � B T I V I T V OF S U R F A C E  , D E C I H AL ' 1 I / ,  
3 1 T R  • • • • •  � • •  T R A N S M l V I T V O F  S U R F A C E  , D E C I M AL ' J  
K s K - I C E I L  
l C l l  = -2 . 1 2 9  
Z l 2 1  = - 1 . 69 5  
Z C 3 1  = - 1 . 3 83 
l ( 4 )  = ... 1 . 1 92 
Z C 5 1 s - 1 . 0 3 7  
1 1 6 ) = - . 90 3  
Z C 7 1 s ... . 7 8 3  
l < & i  -. 6 7 5  
Z 1 9 > "' - . 5 7 3  
l (  1 0 1 = - . 4 7 1 
l l l U  '" - . 3 8 5 
l (  1 2 1 = - . 2 9 7 
Z l l 3 >  = - . 2 1 0 
l ( 1 4 )  ;c - • 1 2 6 
Z l l 5 )  = - . 042 
l (  1 6 )  = . 042 
Z l l 7 )  . 1 2 6  
Z l l 8 )  . 2 1 0  
z c  1 9 )  .. 2 9 7  
Z l 2 0 >  = . 3 8 5  
Z C 2 l l  - . 4 7 7  
Z l 2 2 1 = . 5 7 3  
l ( 2 3 )  = . 6 7 5 
l ( 2 4 ) . 7 8 3 
Z l 2 5 1  . q o 3  
z 1 2 0 1  i :o 3 7  
l ( 2 7 1  l . 1 92 
Z l 2 B I  1 � 3 8 3  
l l 2 9 )  l . 6 q5 
l ( ]Q )  • 2 . 1 2 9 
00 8 KR = 1 , 6 
R E S A  = F L O A T ( K R ) • 4 . • 4 . 
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F O R TR A N I V  G 
0 0 9 4  
0 0 9 5  
0 0 9 6  
0 0 9 7  
0 0 9 8  
0 0 9 9  
0 1 00 
0 1 0 1 
0 1 02 
0 1 0 3 
0 1 04 
0 1 05 
0 1 06 
0 1 0 7 
0 1 0 8  
0 1 09 
0 1 1 0 
0 1 1 1 
0 1 1 2  
0 1 1 3 
0 1  l't 
0 1 1 5  
0 1 1 6 
0 1 1 7  
0 1 1 8  
0 1 1 9 
0 1 2 0  
0 1 2 1  
0 1 2 2 





















2 1  M A I N  D A T E  = 7 6 1 1 2 . 2 2 / 1 0 / 5 6  
• • •• •  C A L L  I N S U L A T I ON O P T I M i l AT I O N S U B � OJ T I N E  • • • •• 
T H I S  V A R I E S E C U I V A L E NT T H E R M A L  R E S I S T AN C E  A D D E D  F R OM 0 T O  2 0  
C A L L  R E S T  I C O S T , R A , S H , I W R I T E , I R E A O , R E S A l  
Q S U P P A  :a O .  
CC F M A  :a O .  
Q S T A  = O .  
C F M T A  = o .  
Q S T O R  = O .  
C ONO X a O .  
* * * * *  S I M P L I F Y C O N D U C T I V E A N O  S T O R A G E  C A L C U L A T I O N S  ***** 
D O  1 5 2 J = l ,  K 
T W I O ( J l  = O .  
I F  l A R E A l J l . L E . 0 . ) C ONDX = C O N D X  - 2 . • A R E A ( J ) / R ( J ) 
I F  I A R E A I J l . L E . O . l  O S T O R  = QS T O R - 2 . • S H l J ) • A R E A ( J ) / 2 .  
C O N D X C O N O X  + A R E A l J ) / R ( J )  
Q S T O R  = O S T OR + S H ( J l • A R E A l J ) / 2 .  
* * * * * I NC R E M E N T M ON T H E S  F R O M  l T O  1 2  • • • • •  
DO 2 0  M = l t l 2  
T I  :a T l  L O  
C M l  O .  
C M 2  = O .  
C M 3  a O .  
C M 4  = O .  
C F M l  = O .  
C F M2 = O .  
C F M 3 = O .  
C F M4 = Q.  
Q l  :a o.  
Q 4  s o. 
Q S U P P  = O .  
O C O N l  = O .  
Q V E N T l  = O .  
* * * * *  C A L L  R E L A T I V E H U M I D I T Y S U B R OU T l � E . ... . .  
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TH I S  � U B � O U T I N E A P P R O X I M A T E S  T HE AV E R A GE H
OU R L Y  O U T S I D E R E L A T I V E HUM I O J  
F O R E A C H M O N T H  
C A L L  R E L H C RH L , R H H , R HO , M )  
* * * * *  C A L L  S O L A R S U B R OU T I N E • • • • • 
79 
FQR f R A N  I V  G L E V E L  2 1  MA I N  2 2 / 1 0 / 56 
c 
C TH I S C l � L S S U B � D U T I N E S O L A� F O R E A C H  M O � T H  T J  D E T E R M I N E  T HE A V E R A � E  SOL . 
C E F F E C T  E A C H  H OU R  F QR E V E R Y  OU T S I D E S U R F A C E  
0 1 2 )  C A L L  S O L A R  I A L A T , O E C L t C O S V , C O S W , C O S S , S A e S B , S C , A B , T R 1 K 1 H ,  
• Q S OL A R , Q S U N , S P C T 8 
. 
0 1 2 4 00 2 2 �  I • 1 , 2 �  
0 1 2 5 00 2 2 5  J • l , K 
0 1 2 6 I F  I A R E A C J l . L E . O . J  G O T O  2 2 5  
0 1 2 7 TW l l J ) s I O S G L A R l l , J )  + T � I O I J l • S � I J ) / 2 . > I 
• C l . / C R C J ) - 1 . / H O I J ) ) + $ H I J l / 2 . + HO C J ) ) 
0 1 2 8  TW I O C J I  • T W l C J > 
0 1 2 9 O S UN C l l  = Q SU N l l )  t T W l ( J ) • A R E A C J J / C R C J l - l . I H O C J ) ) 
0 1 30 2 2 5  C ON T I NUE 
c 
C • • • • •  T H I S 00 L O O P  V A R I E S DA Y S  F R OM 1 TO 30 • • • • •  
0 1 3 1  
0 1 3 2 
0 1 3 3  
0 1 )4 
0 1 ) 5 
0 1 36 
0 1 37 
0 1 3 8  
0 1 39 
0 1 40 
0 1 4 1 
0 1 42 
0 1 4 3  
0 1 4 4  


















00 3 0  l • l t 3 0  
• • •• •  C AL L  T E M P E R A T U R E  S U B R OU T l �E • • • • • 
T H I S  S U B R O U T I N E � P P R O X t M A T E S  f H E OU T S I D E T E M P E R A T UR E  ON AN �OUR L Y  B � S I �  
F OR E A C H  D A Y  G F  T H E  MONT H 
C A L L  T E � P  ( Z , V � A X , V M I N , T M A X , T M l � . L , M , T O l· 
• • • • •  V A R Y  H OU R  F RO� l T O  2� • • •• •  
A N  E NE R G Y  B A L A NC E I S  P E R F OR � E O  A � O  T H E  V E � T I L A T J J � R A T E  p E T E � M t NE O .  F �  
TH I S  T H E  C O � PU T E �  D E C I D E S  W HE T H E R  HE A T  A u � � D  I S  � E E O E D ,  V E � T I L A T I ON F OJ 
M O I S T UR E  C O N T R O L  I S  N E E D E D ,  V E N T I L A T I O � F J �  T E M P E R A T UR E  C ON T R O L  I S  
A P P R O P R I A T E ,  OR V E N T I L A T I ON F O R C OM F O R T  l S  �ee oeo 
00 3 0  I a 2 , 2 5  
QC O N  s C O N O X • ( T l - T O l t ) l  . 
c o . ( Q S M • T I + Q S B l • A N U M � OCON + Q S UN I 1 - 1 1 - Q S T O R • l T O C t > � r o c l - l ) )  
C A L L  V E N T I T J , T O l l J , R H ( , R H O l l - l l , C L � . 0 L e , r 1 L O , T I H T , C F M A V ,  
• C F M A C 1 P A T M , A N U M , K I N F , VO l e C Q , C F M , Q V E N T , V , M l e M 3 , H � ) 
00 • CQ - Q V E N T  
C O O  • A B S  l D Q J  
I F  C C O Q. G T  • •  l J . O R � C T l . G T . T I L O J ) GO T O  43 
• • • • •  S U P P L E M E N T A L  � E A T R E OU I R E O  • • • • • 
I N S I D E  T E �P E R A T UR E  I S  MA I N T A I N E D  A T  T I L O 
Q S UP P = Q SU P P  - D C  
O C O N l  a OC O N  • QC ON l 
' C M l • C M l + l . O 
C F � l  a C F M l + V E � T � • C F M• • V E N T B 
Q V E N l l • C V E N T  + Q V E N T l  
Q l  • QS U� ( l - l J  + 0 1  
F O R T R AN I V  G L E V E L  2 1  M A I N  D A T E  = 7 6 l l 2  2 2 1 1 0 / 5 6  
0 1 46 
0 1 4 7 
0 1 4 8 
0 1 4 9 
0 1 50 
0 1 5 1 
0 1 52 
0 1 5 3 
0 1 54 
0 1 5 5 
0 1 5 6 
0 1 5 7 
0 1 5 8 
0 1 sq 
0 1 60 
0 1 6 1 
0 1 62 
0 1 6 3 
0 1 64 
0 1 6 5 
0 1 66 
0 1 6 7 
0 1 6 8 
0 1 6 9 
0 1 70 
0 1 7 1  
0 1 72 
0 1 7 3 
0 1 7 4  
0 1 7 5 
0 1 76 
0 1 7 7  
0 1 7 8 
0 1 79 
0 1 8 0 
0 1 8 1  








I F  ( C M . E Q . l ) . A N O . ( L . E Q . l ) . AN O . ( l . E Q . 7 ) ) C A P H = -DQ 
G O TO 3 1  
* * * * *  I NC R E M E N T I NS I D E T E M P E R AT U R E • * * * *  
T I O  = T I  
I F  ( ( O Q . L T . l O . ) . A N D . l OQ . G T . - 1 0 . ) )  G O  T O  4 1  
C D O O = A d S  ( O Q )  
D O  4 0  N = 1 , 1 0 0  
T I N  = T I O  + D Q / C D Q  
C Q  = ( Q S � • T I N + O S B l • A N U M  - C O N O X • ( T J N - T O l l > > + Q S U � l l - 1 )  -
• ( ( T I N - T I ) + T O I I l -T O l I - l > l • QS T O R  + l T I N - T I J * V O L • . 2 4 / V  
C F M O X  = . C F M 
M X 2  M 2  
M X 3  = M 3  
M X 4  = M 4  
* * * * *  D E T E R M I N E V E N T I L A T I O N R E Q U I R E M E � T S * * * * *  
C A L L  V E N T  ( T J N , T O ( J ) , R H I , R H O I I - l ) , Q L � , OL
B , T I L O , T I H l , C FM A V ,  
• C F M A C , P A T M , A N U M , R I N F , V O L , C O , C F M , QV E N T , V , M 2 , M 3 , M 4 ) 
C D C �  � A � S l C C - C V E N T J + F L O A T ( N J  
I F  I C O C f1 - C D C: N >  4 0 2 , 4 0 2 , 4 0 1  
4 0 2  T I  = T I  0 
C F M  = C F MO X  
M2 = M X 2  
M 3  a MX3 
M 4  = MX4 
G O  T O  4 1  
4 0 1  T I O  = T I N  
4 0  C D O O  = C O ON 
4 1  C M 2 = C M2 + F L O A T ( M 2 l  
C M 3  = C M 3  + F L O A T ( M3 ) 
C M4 = C M4 + F L O A T ( M4 )  
C F M 2 = C F M 2 + V E � T M • C F M * * V E N T B  * F L
O A T ( M 2 ) 
C F M 3  = C F M 3 + V E N T M • C F M * * V E N T B  • F L O A T C M 3
)  
C F M4 = C � M4 + V E N T M • C F M * * V E N T B 
• F L O A T l M 4 ) 
Q4 = F L O A T I M4 l * O S U N ( l l + C4 
I F  C T I . L T . T I L O > T J  = T I L O 
3 1  I F  I l L .  E Q .  l l � A N O .  ( J .  E Q .  6 l ) C F M L O  = C F M  
30 I F  C C L . E C . 3 0 1 . A N D . l l . E 0
. 1 5 ) ) C F MH I = C F M  
c 
C * * * * * D E T E R M I NE M ON T H L Y
 C O N S U M P T I O N V A L U E S * * * * *
 
c 
C F  M l  
C F M2 
C F M 3 
C F M 4 
C F M l * D A Y S l M ) / 3 0 . 
C F M 2 • D A Y S  C M ) / 3 0 .  
C F M 3 • D A Y S C M ) / 30 �  
C F M 4 * D A Y S C M ) / 3 0 .  
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j .  
� O R  T R A N  
0 1 8 3 
0 1 6 � 
0 1 8 5  
0 1 8b 
0 1 8 7 
0 1 8 8 
0 1 8 9 
0 1 90 
0 1 9 1 
0 1 92 
0 1 9 3 
0 1 94 
0 1 95 
0 1 96 
0 1 97 
0 1 98 
0 1 99 
0 2 00 
0 2 0 1  
0 2 02 
0 2 0 3  
0 2 04 





5 1 0  
5 2 0  
5 3 0  
c 
c 
2 1  M A I N  
C M l  C M l • D A Y S I H ) / 3 0 .  
C M Z C M 2 * D A V S ( H ) / 3 0 .  
C � 3  C M 3 * 0 h Y S ( H l / 3 0 .  
C M 4  = C M 4 * 0 A Y S ( H ) / 3 0 .  
C l  = C l * D A V S ( M ) / 3 0 .  
0 4  = � 4 • 0 A V S C H ) / 3 0 .  
Q S UP P = O S U P P * D A V S C l4-) / 3 0 . 
Q C O N L : Q C O � l * O A V S C M l / 30 .  
O V E N T L = Q V E N T l • D A Y S C H ) / 30 .  
F S l  C O S T F H • QS U P P  
F V l  C O S T F V • C F H l 
F V 2 C O S T F V • C F H2 
F V 3  C O S T F V • C F M3 
F V 4  C O S T F V• C F M4 
D A T E : 7 6 1 1 2  
* * * * *  P R I N T M ON T H L Y  C O N S V M P T I V E V AL U E S  * * * * *  
WR I T E C I W R I T E , 5 00 ) M , C M l , Q S U P P , C F M l , Q C O N 1 , C V E N T l , Q l 1 F S 1 1 FV l 
WR I T E C I W R I T E , 5 1 0 )  C M2 , C F M 2 , F V 2 , C M 3 , C F M 3 , F V 3  
hR I T E I I W R I T � , 5 2 0 ) C M4 , C F M 4 , Q 4 , F V 4  
w R I T E l l W � I T [ , 5 3 0 )  C F M L O , C F MH I 
F O R M A T l ' l ' , 1 M O N T H NU M B E R  1 , 1 2 1 / / / / / / ,  
2 2 / 1 0 / 5 6  
l '  C O L C  � E A T ri � K  C U ND I T I ON S  • , / / ,  
� ·  �u�Q f �  OF H OU R S  ' H R S  • • • • • • • • • • • • • • • • • • •  , • • •  1 , F l S . 2 , 1 ,  3 1  S U P P L E M E N T A L rl E A T R E QU I Q E D , B T U  • • • • • • • • • • • • ' r F l 5 . 2 1 / ,  
4 1 V E � T I L A T I O N R E QU I R E ME N T  , K W - H R S  • • • • • • • • • • • • ' t F 1 5 . z , / 1 
5 '  T O T A L  C O N D UC T I O N L O S S  , B T U  • • • • • •  , ,  • • • • • • • • •  • , F l 5 . 2 , / ,  
b '  T O T A L  V E N T I L A T I ON L O S S  t B T U • • • • • • • • • • • • • • • • ' 1 F l 5 . 2 1 / t 
7 '  T OT A L  S OL A R  G A I N  , B T U  • • • • • • • • • • • • • • • • • • • • • • ' t F 1 5 . 2 t l t  
B '  C O S T O F  H E A T  , D O L L A R S • • • • • • • • • • • • • • • • • • • • • • ' , F l 5 . 2 t l t 
9 '  C O S T O F  VE N T f L A T I O N , DOL L ARS • • • • • • • • • • • • • • • ' 1 F l 5 . 2 , / / / / / )  
F OR M A T ( '  N E U T R A L  W E A T H E R  C O� D I T I ONS • , / / , 
l '  N U M B E R  OF H O U R S  O F  M D I S T U � E  C ON T R OL t H R S  • • • ' , F L 5 . 2 1 / 1  
2 '  M O I S T U R t V E N T I L A T I O N R E CU l R E M E N T  , K � - H R S • • •  • , F l 5 . 2 1 / ,  
3 '  M O I S T U R E  V E N T I L A T I ON C O S T  , D O L L A RS • • • • • • • • • ' t F 1 5 . 2 9 / ,  
4 '  N U � R [ R  O F  H OU R S  O F  T E � P E R A T U R E C O N T R O L , H R S 1 , F l 5 . 2 1 / 1  
5 ' T E � P .  V E N T I L A T I O N R E QU I R E M E N T , K W - H R S  • • • • • • ' , F l 5 . 2 1 l t 
b '  T E M P  V E N T I L A T I ON C O S T  , D O L L A R S  • • • • • • • • • • • • • ' • F l 5 . 2 1 / / / / f ) 
F O R M A T I '  H C T  W E A T H E R  C O N O I T I O NS ' 1 / l 1  
1 ' N U M P E R  OF HO U R S  , H R S  • • • • • • • • • • • • • • • • • • • • • • • ' t F 1 5 . 2 t l t  
3 ' V E N T I L A T I O N R E QU I R E M E N T  • K W - H
R S • • • • • • • • • • • • ' t F 1 5 . 2 t l t 
• • T O T A L  S O L A R G A I N  , BT U • • • • • • • • • • • • • • • • • • • • • • ' t F 1 5 . 2 t l t 
5 '  C O S T  O F  V E N T I L A T I NG , D OL L A R S  • • • • • • • • • • • • • • • ' r F 1 5 . 2 , / / / / / )  
F O R M A T I 
l ' M I N I MU M  V E N T I L A T I ON R A T E  , C F M • • • • • • • • • • • •
• • ' , F l 5 . 2 t l t 
2 '  M A X l � U M VE N T I L A T I ON R A T E , C F M  • • • • • • • • • • • • • • ' , F l 5 . 2 , / 
• • • • •  D E T E R M I NE A N D  P R I N T Y E A R L Y C O N S J � P T I V E V A L U E S  • • • • •  
81  
j .  
F O R T R A N  J V  G L E V E L  2 1  M A I N  D A T E  7 6 1 1 2  2 2 / 1 0 / 5 6  
0 2 0 �  
0 2 06 
0 2 07 
0 2 0 8  
0 2 0 9  
02 1 0  
02 1 1  
0 2 1 2  
02 1 3  
02 1 4  
02 1 5  
0 2 1 6  
0 2 1 7 
0 2 1 8  
0 2 1 9  
0 2 2 0  
0 2 2 1 
0 2 2 2  
02 2 3  
0 2 2 4  
0 2 2 5  
0 2 2 6  
0 2 2 7 
0 2 2 8  
02 2 9  
02 3 0 
c 
2 0  
5 9 8  
b O O  
7 0 0  
7 1 0  
8 
O S T A  = F S l + C S T A  
C F M T A  = F V l + F V 2 + F V 3  + F V 4  + C F M T A  
I F  ( M . E 0 . 7 1  C F M M X  = C F MH l 
Q S U P P A  = C S U P P * . 0 0 0 2 9 2 8 7 5  + C S U P P A  
Q C F M A  = C F M l + C F M 2 + C F M 3 + C F M 4 + Q C F M A 
C O N T I N U E  
I F  ( C A P H . L T . 1 . 1 G O  T O  5 9 8  
F O S T A  = < C O S T H V • C A P H + C O S T H C J •R I NT * ( l . + R l � T l • • D L I F H / ( ( l . + R J N T J • • D l  
• I F H - 1 . ) 
-
C O S T H = c n S T H V • C A P H + C O S T HC 
I F  l C F M M X . L T . l . I GO T O  5 9 9  
F C F M T A =  < C O S T V V * C F M M X + C O S T V C l • R I NT * C l . + R l � T l * * DL I F V / l ( l . + R l N T l • • D L  
• I F V - 1 . ) 
C O S T V  = C O S T V V • C F M M X  + C O S T VC 
C O S T J A = C O S T  • R I NT * l l . + R J NT l * * DL I F I N / l ( l . + R I N T ) • * DL l f l N - 1 . J 
F T O T  = F Q S T A + F C F M T A + C OS T I A  
O T O T = O S T A + C F M T A  
T O T A L  = F T O T + O T OT 
w R I T E ( I WR I T E , 6 0 0 ) F O S T A , F C F M T A , C O S T J A , F T J T , O S T A , C F M T A , O T O T , T O T A L  
F O R M A T l ' l ' • ' A N N U A L  C OS T  A N AL Y S I S • , / / / / / / ,  
l '  F I X E D  C O S T S • , / , 
2 '  H E A T I NG S Y S T E M  , D O L L A R S  • • • • • • • • • • • • • • • • • • • • ' r f l 5 . 2 , / ,  
3 1 V E � T I L A T I O N S Y S T E M  , DO L L A RS • · • • • • • • • • • • • • • • ' r f l 5 . 2 , / 1 
5 '  I N S U L A T I ON C O S T S  , DOL L A R S  • • • • • • • • • • • • • • • • • • ' , F l 5 . 2 , / / , 
b '  T O T A L  f l X E D  C O S T S  , DO L L A R S  • • • • • • • • • • • • • • • • • ' r F L 5 . 2 , / / / / ,  
7 '  O P E R � T I NG : o s r s • , / / ,  
8 '  H E A T I N G S Y S T E M  1 D O L � A R S • • • • • • • • • • • • • • • • • • • • ' t F 1 5 . 2 t l t  
9 '  V E N T I L A T I ON S Y S T E M  , DO L L A R S  • • • • • • • • • • • • • • • • ' , F l 5 . 2 , / / ,  
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R W  = AP E A l l l / R ( [ J  + RW 
I F  I A R E A ( I l . L E . O . l Q P E R  = - AR E A C J ) / ( R J ( l ) + R A ( L ) / K l ( I ) ) + Q P E R 
I F  I A R E A I I > . L E . O . l R ( I J  = R l l l l  + R A C L l / K l l I > 
R T O T  = A T � T / C R W+ C P E R J  
I F  l R T C H .  L T .  E Q R E S ) R E T U R N  
C O S T  s o .  
D O  3 0  l = K N , K 
l = 1 - K N + l 
I F  ( ( R A C L l . G T • •  l J . A N O . t A R E A l l ) . L E . O . J J  C O S T = C O S T  - 2 . • A R E A ( l ) * 
• l C I V ( l ) * R A ( L ) + C I C l l ) )  
J F  I R A ( L J . G T • • L >  C O S T = l C l 'l f l ) • � A ( L ) + C I C l t l > * A R E A l
l > + C O S T  
C O S T I  = 1 00 0 . / C O S T  
R E T U R N  
E N D 
88 
Subrouti ne  VENT 
F O R T R A N I V  G L E V E L  2 1  V EN T  D AT E = 7 6 1 1 2  2 2 /  1 0 / 5 6  
000 1 
0 002 




0 0 0 7  
0 0 0 8  
0009 
0 0 1 0  
0 0 1 1  
0 0 1 2  
0 0 1 3 
0 0 1 4  
0 0 1 5  
00 1 6  
00 1 7  
00 1 8  
0 0 1 9  
0020 
0 0 2 1 






0 0 2 8  
0 0 2 9  
0 0 30 
0 0 3 1  
0 0 32 
0 0 3 3  
0 0 34 












1 2  
2 0  
3 0  
S UB R O U T I NE VE N T  ( T l , B 2 , RH I , 83 , QL M , Q L B , T I L O , T I H I , C F M AV , 
* C F M A C , P A T M , A N U M , R I N F , VOL , O Q 1 C F M , QV E N T , V 1 M 2 , H 3 , M4 
T H I S  SU B R OU T I N E D E T E R M I N E S T H E  V E N T I L A T I O N R A T E R E QU I R E D  ON A N  
H O U R L Y  B A S I S  A NO T HE C O R R E S P O N D I N G  H E A T  T R AN S F ER E F F E C T  
T I X  "" T I  - . 5  
T I Y  a T 1  + . 5  
M2 :a 0 
M3 • 0 
M4 :a 0 
Ql = Q L M • T I  + Q L B  
W E  Q L * A NU M / 1 0 6 1 .  
A M l  O .  
A l l  T f  + 4 5 9 . 6 9  
A T O  = 8 2  + 45 9 . 69 
P V I = R H I • E X P ( 5 4 . 6 3 2 9- l 2 30 1 . b B B / A T I - 5 . l 6 92 3* A L 0 G f A T I ) ) 
I f (  T l . L T . 3 2 . ) P V I  = R H I * E X P l 2 3 . 3 9 2 4 - l l 2 8 6 . 6 4 6 9 / A T I - . 4 6 05 7• 
* A L O G  ( A T l l  ) 
P V O  = B 3 * E X P ( 5 4 . 6 3 2 9 - 1 2 30 l . 6 8 B / A T 0 - 5 . 1 6 9 2 3 * A L 0 G ( A T 0 ) )  
I F (  8 2 . L T . 3 2 . ) P V O  = B 3 * E X P ( 2 3 . 3 9 2 4 - l l 2 8 6 . 6 4 6
9 / A T 0 - . 4 � 0 5 7 •  
* A L OG ! A T O ) I 
. 
w s r = . 6 2 1 9 * P V l / ( P A T M - PV J ) 
w S O  = . 6 2 1 9 * P V 0 / ( P A T M - P V O I 
v = ( W S I � 8 5 . 7 8 � A T I J / ! 1 4 4 . • P V I ) 
WC H : W S O  + . 0 0 0 0 5  
B X  = T I  - 8 2  
I F  I W S I . L E . WC IO G O  T O  20 
I F  I B X .  LE . 1 .  > G O  T O  20 
A M A S S  = W E / ( W S l - W S O )  
I F  ( T I Y . G E . T I H I ) A M l  = DQ / ( . 2 4 * l T I -B 2 ) )  
I F  ( A M l - A M A S S ) l l , 1 1 , 1 2 
V E N T I L A T I ON F O R  � O I S T U R E  R E M OV AL 
M2 = l 
C F M = A M A S S * V / 6 0 .  
G O  T O  3 0  
. 
V E N T I L A T I ON F OR T E M P E R A T U R E  
CON T R OL 
M 3  = l 
C F M  = A M l • V l b O .  
G O  T O  3 0  
C F �  = C F M A V * l T l - T I L O )  + C F M A C  + 1 0 0
.  
C F M A = C F M A V • I T I - T I L O I  + C F MAC 
I F  ( T I X . G T . T I H l l G O  T O  1 5  
I F  C C F M A- C H O  1 5 , l b . 1 6  
89 
90 
F O R T R AN I V  G L E V E L  2 1  V E N T  D A T E  7 6 1 1 2  2 2 / 1 0 / 5 6 
0 0 3 6  1 5  M2 : 0 
0 0 3 7 I F  ( T f . L T . T I H I > M 3  s 1 
0 0 3 8  I F  l T l . L T . T I H I ) G O T O  1 7 
0 0 3 9  M 3  s 0 
c 
c Y E N T i L A  T I  ON F O R  A N I M A L  C O M FO R T  
c 
0040 M4 = 1 
0 0 4 1 1 7  C F M :a C F M A  
c 
c V E N T I  L A  T l  ON H E A T T R AN S F E R  E F F EC T  
c 
0 0 4 2  1 6  QVE N T  ; 6 0 . • C F M • . 2 4 • ( T l - B 2 l / V 
004 3 Q I NF I L  = � I N F • . 2 4 * V O L • l T I - B 2  > I V  
0044 I F  l l C 1 �F I L . G T . Q V E N T ) . A NO . ( M4 . E Q . 0 ) ) Q V E N T  .,. Q I NF I L  
004 5 R E T U R N  
0046 E N D  
. j 
Subrouti ne SOLAR 
F O R T R A N I V  G L E V E L  2 1  S OL A R  O A T E  = 7 6 1 1 2  2 2 1 1 0 / 5 6 
0 0 0 1· . 
0 0 02 
0 0 0 3  
0004 
0 0 0 5  
0 0 0 6  
000 7  
0 0 0 8  
0009 
0 0 1 0  
0 0 1 1  
0 0 1 2  
0 0 1 3  
0 0 1 4  
0 0 1 5  
0 0 1 6  
0 0 1 7  
00 1 8  
0 0 1 9  
0020 
0 0 2 1  
0 0 2 2  
0 0 2 3  
0 0 2 4  
0 0 2 5  
0 0 2 6  
0 0 2 7  
0 0 2 8  
0 0 2 9  





S U B R O U T I N E S O L AR ( A L A T , D E C L , C O S V , c o s w , c a s s , s A , S B , S C , A B , T R , K , M , 
• O S O L A R , Q T R , C P C T  
T H I S  p q Q G R A M  B A S E D  O N  A S O L A R P R O G R A M  I N  A S H R A E  H A N D B OOK OF 
F UN D A M E N T A L S 1 9 7 2 
D I M E N S I O N D E C L l l 2 l , S A C 1 2 l , S B C 1 2 ) , S C C 1 2 l t C D S W l 2 0 l , C O S V C 2 0 J ,  
• c o s s c 2 0 1 , A B l 2 0 ) , T R ( 2 0 ) , Q S OL A R ( 2 4 , 2 0 ) , Q T R ( 2 4 ) , Q P C T C 1 2 ) 
DO 2 0  I = l , 2 4  
Q T R  ( I )  = O .  
D O  5 J = l , K 
5 Q S O L A R ( l , J ) = O .  
J J  = I - 1 2  
H = J J * l 5 . • ( 3 . l 4 1 5 9 / 1 8 0 . ) 
C O S Z  = S I N I A L A T l * S I N I D E C L C M ) l + C O S C A L A T l • C O S C D E C L C M > > • C O S C H ) 
I F  c c o s z . u • •  0 0 1 1  GO r o  2 0  
C O S W I  = C D S I D E C L I M l l * S l N I H )  
C O S S [  = - 1 1 . - c o s � I • C D S W I - C D S Z • C O S Z ) • • . 5  
C H K  = C O S I H J  + T A N ( D E C L ( M ) l •T A N ( A L A T l 
I F  I C H K . G T . O . I C O S S I = - C OS S I  
0 0  1 0  J = l t K 
� O S X  = C � S V ( J l * C C S Z  + c a � w ( J ) • C O S W I + C O S S ( J l • C C S S I  
4 0 1  I F  ( C H K . G T . O . I QO N S A ( M l / E X P ! S B C M l / CO S Z ) 
bO l I F  C C H K . L E . O . I Q D N :: O .  
I F  c c o s x . G T . O .  ) C D  = Q D N • C O S X • QPC T l � )  
I F  c c o s x . L E . o .  > c o = o .  
I F  c c o s � . G T . - . 2 )  y . 5 5 + . 4 3 7 • C O S X + . 3 1 3 • C O S X • CO S X  
I F  ( C O S X . L E . - . 2 )  Y = . 4 5  
QO F H  = S C ( M ) • Q D N  
OO F V  = S C ! M ) * O D N • Y  
QO F = ( Q D F H - C Q O F H - C D F V l • ( l . -C O S V I J ) ) ) • Q P C T � H
) 
O S O L A R ( I , J l  = C O D + Q D F l • A B C J )  
1 0  Q T R ! l )  = ( Q O + O D F > • T R ( M ) + QT R C I )  
2 0  C O N T I N U E  
R E T U R N  
E N O  
9 1  
1 
l 
S ubrout i ne RELH 
F O R T R A N  I V  G L E V E L  2 1  R E L H  
0 0 0 1  
0 0 0 2  
0 0 0 3  
0 0 04 
0005 
0006 
0 0 0 1  
0 0 0 8  
0 0 0 9  
0 0 1 0  
0 0 1 1  
0 0 1 2  
00-1 3 
0 0 1 4  
0 0 1 5  
0 0 1 6  
00 1 7  
00 1 8  
0 0 1 9  
0 0 2 0  
00 2 1  
0 0 2 2  
002 3 
0024 
0 0 2 5  
0 0 2 6  
00 2 7  
0 0 2 8  
0 0 2 9  
SUB R O U T I N E R E L H  l R rl L , RH H , R HO , H )  
D I ME N S I ON R H L l l 2 l , RH H l l 2 ) , RH O C 2 4 )  
� H O l b l  = R H H ( M l 
R H O  l l 4 ) = R H L ( M )  
0 = R H O l b l  - RH 0 l l 4 )  
R H 0 ( 7 )  = . 9 5 8 • 0  + R H0 l l 4 ) 
R H 0 ( 8 )  . 8 7 5 • 0  + R H 0 l l 4 )  
R H 0 ( 9 )  . 75 0 * 0  + R H O C 1 4 ) 
R H O l t o > . so o • o  +. � H 0 ' 1 4 > 
R H O ( l l )  . 2 5 0 • 0 + R H 0 l l 4 1  
R H 0 ( 1 2 l . 1 2 5 * 0  + R H 0 l l 4 )  
R H O l 1 3 l . 04 8 * 0  + R H O ( l 4 )  
RH 0 ( 1 5 )  . 0 1 4 * 0  + R H 0 ( 1 4 )  
R H O ( l b }  . 04 2 * 0  + R H 0 ( 1 4 )  
R H 0 ( 1 7 l  . 0 8 3 * 0 + R H 0 l l 4 )  
R H 0 ( 1 8 }  . 1 2 5 * 0 + R H O l l 4 )  
R H 0 ( 1 9 1  . 2 0 0 * 0  + R H 0 ( 1 4 )  
R H O l 2 0 }  . 2 8 5 * 0 + R H 0 l l 4 1  
R H O l 2 l l  . 3 7 5 • 0 + R H 0 ( 1 4 )  
R H O l 2 2 l  . 5 0 0 * 0 + R H 0 l l 4 ) 
R H 0 l 2 3 1  . 6 2 5 * 0  + R H O ( l 4 1 
R H 0 ( 2 4 l  . 7 1 5 * 0  + R H O ( l 4 )  
R H O ( l )  . 8 0 0 * 0  + R H 0 l l 4 l  
R � O t 2 1  . 8 7 5 • 0 + R H 0 ( 1 4 )  
R H 0 ( 3 1 . 9 1 7 * 0 + R H O ( l 4 ) 
R H 0 ( 4 )  . 9 5 8 * 0  + R H0 l l 4 )  
R H 0 ( 5 l  . 9 8 6 • 0  + R H 0 l l 4 1  
R E T U R N  
E NO 
92 
D A T E  = 7 6 1 1 2  2 2 1 1 0 / 5 &  
9 3  
S ub ro u ti ne TEMP 
F= O R T R A N  I V  G L E VE L  2 1  T E MP D A T E = 7 6 1 1 2 2 2 / 1 0 1 56 
0 0 0 1  SUB R O U T I N E T E M P  I Z , V M A X , V M I N , T M AX , T M I N , L , M , T O J  
0002 O l � E N S I ON Z l 3 0 ) , V M A X l 1 2 ) , V M I N l 1 2 ) , T M A X ( l 2 J , T M I N l 1 2 ) , T 0 ( 2 5 )  
0 0 0 3  T O C 6 > = Z l l l * V M I N I M I + T M I N OO  
0 0 0'9 1 0 ( 1 4 1 =  Z C L l * V M A X I M )  , .. T M AX ( M )  
0 0 0 5  0 = T O < l 4 1  - T 0 ( 6 ) 
0 0 0 6  T O X X  = T O C 2 5 )  
0 0 0 7  T Q ( 1 ) . 0 4 2 * 0  + T 0 ( 6 )  
0 0 0 8  T 0 ( 8 ) . 1 2 5 * D  + T 0 ( 6 )  
0009 T O l 9 1  . 2 5 0 • 0  + T 0 ( 6 )  
0 0 1 0  T D C 1 0 1  . 5 0 0 * 0  + T 0 ( 6 )  
0 0 1 1  T O I 1 1 )  • 7 50 * 0 + 1 0 ( 6 }  
0 0 1 2  T O l 1 2 1 . =  . 8 7 5 * 0  + T 0 ( 6 )  
0 0 1 3  T C  I 1 3  J . 9 5 2 • 0  + T 0 ( 6 )  
0 0 1 4  T O  I 1 5  > . 9 8 6 * 0  + T O l 6 )  
0 0 1 5  T O  I 1 6  > = . 9 5 8 * 0  + T 0 ( 6 ) 
0 0 1 6  T C  I l 7 1  . 9 1 7 * 0  + T 0 ( 6 )  
0 0 1 7  T O C l B I  . 8 7 5 * 0  + T 0 ( 6 )  
0 0 1 8  T O I l q )  . s o o • o  + T 0 ( 6 )  
0 0 1 9  T 0 ( 2 0 )  . 7 1 5 * 0 + T 0 ( 6 )  
0 0 2 0  T O C 2  l l . 6 2 5 * 0  + T 0 ( 6 )  
0 0 2 1 : r ! 2 2 l . 5 0 0 • 0  + T 0 ( 6 )  
0 0 2 2  T 0 ( 2 3 )  . 3 7 5 • 0 + T 0 ( 6 1  
0 0 2 3  T 0 ( 2 4 ) . 2 8 5 • 0  + T 0 ( 6 )  
0 0 2 4  T O l  l l . 2 0 0 • 0  + T 0 ( 6 )  
0 0 2 5  T O C 2 l  = . 1 2 5 * 0  + T 0 ( 6 )  
0 0 2 6  TO l 3 1  . 0 8 3 * 0 + T 0 ( 6 )  
002 7 T O C 4  I . 0 4 2 * 0  + T Q ( 6 )  
002 8 T O ( 5 l ::: . 0 1 6 * 0  + 1 0 ( 6 )  
0 0 2 9  D O  1 0  I ::: l , 2 4  
0 0 30 1 0  T O C 2 6 - l > : T O C 2 5 - I ) 
0 0 3 1  T O l l ) = TOX X 
0 0 32 R E T U � N  
0 0 3 3  E NO 
j .  





























FLOW DI AGRAMS 
Mai n  P rogram 
000 1 - 0005* 0006 - 0022 
Di mens i on vari abl es and set ... I nput data .  
read and wr i te control s .  
,. 
i 
002 3 - 006'0 
006 1 ,. ' Prin t  i n put da ta .  
Remove cei l i ng s u rface from 
con s i dera t i on i n  the ma i n  program. 
-
L 0062 - 0091 ,. 
Defi ne s tanda rd no rma l di s tri buti on 
0092 - 0094 � equa l prob a b i l i ty Z va l ue s . , 
Ca l l  and re turn Subro u t i ne REST . 
Vary equi va l en t  b u i l d i n g 2herma 1 
res i s ta nce from 0-20 hr- ft - °F/ BTU .  
L 0095 - 0 100 , 
I ni t i a l i ze annual va ri abl es . 
! 
0107 0 1 01 - 0106 
� 
I ncrement ITl)nths from l to 12 . - Conve rt s ur fa ce the rma l re s i s tances 
and heat capac i t i es to b u i l di ng _on -
i d uctance a n d  heat s to ra ge capac i ty .  
0108 - 0 1 2 1  
I n i t i al i ze i ns i de temperature 
and monthly vari ab l e s .  
i 
0122 
Cal l and return Subrouti ne RELH . · I n put rel a t i ve humi di ty data . 
i 
0 123 - 0 1 30 
ret u rn S u bro u t i ne SOLAR . Ca l l  and 
I nput i n s ol a t i on and c a l cv l a te hou r l y  heat t ra n s fer e ffect of sol a r  e n ergy. 
+ 
Conti nued 
*Nunbe rs in the upper ri ght hand corner of the b l oc ks 
re fer to t he cor.�uter i n s t ruc t i o n n umbers l i s ted be fore 














Q. Q. 0 0 0 0 ...J ...J 
Ii- .c ,,, � Q,I c: >- � 
Q. 0 0 ...J 

















0. 0 0 
...J 










l _  I 
[ _  -
0 1 3 1  
I n c re me n t  days f rom 1 to 30 . --- Cont i n ued from p re v i ous page 
t 
0 1 32 0 1 34 - 0 1 38 
Ca l l  a n d  retu rn Subrou t i ne TEMP . 
I n p u t  a mb i ent tempe ra t u re data . C a l l an d  ret u r n  S u b ro ut i ne VENT . 
• i. 
Pe r form an ene rgy ba l a n ce a s s umi ng 
i n s i de tempe ra t u re eq ua l to the p re-
v i ous hour ' s  i n s i de tempe rat ure . 
0 1 33 
I nc rement hours from l to 24 -r 
·- i 
0 13 9  Yes � Check to see i f  s upp.l ementa l heat i n g is req ui red 
to ma i nta i n  the req u i re d  tempera t ure . 
0140 - 0 1 45 
S um s uppl ement a l  hea t i n g , 
ven t i l a t i on , n umber of hours , 
a nd sourc es of heat t ransfe r .  
0146 
De te rmi ne capa c i ty o f  
t h e  hea t i ng sys tem. 
Yes 
0 14 7  -
Go to the end of the hou r  
l oop wi t ho u t  i nc remen t i ng 




0 148 - 0 1 52 
I nc rement i n s i de t emp e ra t ure 1 °F .  1-f-
� 
0 1 5 3  - 0 1 59 
Ca l l  a n d  re t urn S u b ro u t i ne 
V E N T .  P e r form an ene rgy 
bal ance w i th the new 
i n s i de t empe ra t u re .  
i 
0 160 
Chec k i f  the ene rgy b a l ance � 
eq uat i o n i s  mi n i mi zed. 
.. 
0 1 6 7  - 0 1 68 
Con t i nue i n c remen t i ng 
the i n s i de temperature .  
0 1 6 1 - 0 16 6  
Set t h e  i ns i de tempe r ature . 
t 
0 1 69 - 0 1 76 
Sum vent i l a ti on . n umbe r of 
hours , and the s o l a r  e ffec t .  
.i 
0 1 7 7  - 0 1 78 
Dete rmi ne mont h l y  ma xi mum and mi n i m
um vent i l a t i on ra tes . 
+ 
Con t i nued .  
9 5  
j I 
Q. 0 0 ....I 
� "' Cl.I >-
I 







9 6  
Con t i n ue d  from p re vi ous p a ge . 
J 
0 1 7 9 - 0 196 
S um the iro n th l y  ven t i l at i on , heati ng and hea t  t ra n s fe r s  by ven t i l a t i on type . 
i 
0 1 9 7  - 0204 
·-
W r i te the mont h l y  ven t i l a t i on ra tes , hea t i ng c a pa c i t i es a n d  hea t  tran s fe rs . 
i 
0205 - 0210 
Sum t he a n n ua l . c on s ump t i on res u l t s  and dete rmi n e  t h e  v e n t i l a t i on sys tem c a pac i ty .  
i 
02 1 1  - 0220 
Pe rfo rm a n  annua l c o s t  a n a l ys i s .  
� 
022 1 - 0228 
Wri te t he annua 1 restf!- t s .  
i 
0229 - 0 2 3 0  
End p rogram. 
S ub ro uti ne REST 
0001 - 0005 
T i t l e  and d i mens i on va ri a b l es .  
0016 
r �  Equ i va l en t  bui l d i ng thermal re s i s tance l oop . 
I � . 
I 001 7  - 0019 
I n i t i a l i ze vari a b l e s . 
I 
i I 0020 
' r +  Surface the rma l  res i stance l oop . 
Q. 0 0 ...J 
Gi Q. 0029 - 0032 0 > 0 cu -' ...J Cl.I 
· Combi ne i n di vi dua l s u rface res ; s tances . c u 0 .., .... � s.. .., ::I 
r- V) ::I Ill 
.: 
I l _  0034 C hange s u rface from 0 to maxi mum 
• th i c knes:>  i ns u 1 .i t i on . I 
I 0039 
l _  Ca l cu l a te ma xi mum eq u i va l ent 
�ui l d i ng therma l  res i s tance 
0049 - 0053 
I f  equi val en t  bu i l di ng therma l  res i s tance 
cal l ed for is not possi bl e ,  stop the p rogram • .  
. 
I f  there i s  
from the 
0056 - 0059 
a ce i l i n g ,  sepa rate roof s urfaces 
cei l i ng and res h i ft vari a b l e s .  
0061 - 0084 
Wri te i ns u l a t i on t h i c kness . res i s tance 
and cost re s u l ts for each sur fac e .  
0087 - 0090 
I f  there i s  a cei l i ng ,  comb i n e  cei l i ng 
res i s tance and he at capaci ty wi th the roof 
s u rfaces , a l l owi ng e l i mi n a t i on of !he 

























0006 - 0001 I 
I n i ti a l i z e a rea s . i 
+ 
0008 - 001 5  
Ca l c ul ate roo f a rea and total surface 
area , i n i t i a l i ze i n$ul ati on · va l ues , and 
cons i de r  cei l i ng s urface • 
002 1 
I f  there i s  a cei l i ng p resen t , set 
a l l owabl e roof i nsul a t i on to 0 • 
t 
0022 - 0028 
Ca l cul a te therma l res i s tance 
for eac h s ur face • 
0033 . 
Determi ne eq ui va l en t  bu i l di n g  thenna l 
res i s tance wi th no i n s ul a t i o n . 
0035 - 0038 
I f  no i ns u l a t i on req u i red , 
i ni t i a l i ze i n s ul a ti on va l ues 
and by pass i ns u l a t i on thick- No 
ness opt i mi za t i on procedure . -
0040 - 0048 
I f  there i s  a cei l i ng p resent , 
comb i ne roo f s u rfaces wi th 
cei l i ng and s h i ft vari a b l e s .  
0054 - 0055 
C a l l a nd re turn Subrouti ne OPTIN.  
Ca l l  cos t opti mi z i ng i ns u l a t i on 
thi ckne s s  d i s t r i bution p rogram. 
0060 
Compute equ i va l e n t  bui l d i ng � 
therma l res i s tance • 
0085 - 0086 
Ca l c u l ate heat s torage 
capaci t i e s  o f  each s urface . 
009 1  - 0092 I Return to ma i n  p r:ogram. 
j .  
S ubro uti ne OPTIN  
000 1 - 0002 
T i t l e  a nd d i rrens i on va ri abl e s .  
0 008 - 00 1 0  
Save ma x i mum i ns u l ati on th i c kne s s  val ues . 
·� 
001 1  
r - +- C a l l and re t urn Subrout i ne ME R I T .  
I 
0.. 0 0 -I 
., � '° ., Vl 
c: 0 
._ ., '° N 
e 









� F i nd i n ve rs e cost of bui l di n g i ns u l a t i on . 
i 
0012 - 00 1 3  
I n i t i a l i z e vari ab l es .  
0025 - 0026 
Yes Check for c on ve rgence p robl ems . 
., 
0067 - 0070 
S top p rogram.  
0028 - 003 0  
Reduce i n s u l a t i on th i c kne s s  -
i n  the roo s t  effi c i ent manner.  
0034 - 0035 
Yes 
Che c k  i f  the cost i n verse 
i s  the ma x i mum foun d ye t .  
0040 - 0042 
Store opt i ma l  i ns u l a t i on t h i c knesses 
and the co r re s pond i n g  cost i n vers e . 
i 
.004 3 - 0046 
I n i t i a l i ze v a r i a b l es . 
+ 
Yes 
004 7 - 0048 
C hec k i f  a l l s u rfaces h a v e  been 
s t a rted w i th no i n s u l a t i on .  
.. 
0036 - 0039 
C a l l and re t u rn S u b ro u t i n e ME R I T .  
Re t u rn t he opt i ma l  comb i n ati o n  of 
i n s u l a t i on t h i c k n e s s e s  and the corre-
s pend i n g  mi n i mum cos t to S u b ro u t i ne REST . 


















0003 - 0006 
I n i t i a l i ze vari abl es • 
i 
0007 
Set i ns u l a t i o n  t h i c kness 
0014 - 0024 
C a  1 1  and re t u rn Sub ro ut i ne MER I T .  
Dete rmi ne wh i ch b u i l d i n g s urface 
can have a reduc t i on in i ns u l a-
t i on th i c k n e s s  at g reate s t  cost 
s a v i ngs pe r u n i t equ i va l ent 
b u i l d i ng t h e rma l res i s tance . 
002 7 
C het k i f  t he i ns u l a t i on red u c t i on 
i s  sma l l enough t o  a l l ow 
adeq uate eq u i va l ent bui l d i n g  
the rma l res i s ta n ce . 
r-1 
0 0 3 1  
C h e c k  i f  t he i n s u l a t i on 
reduc t i on ra te i s  w i t h i n ri the des i re d  a c c uracy . 
0032 - 0033 
Reduce the i n s u l a t i on 
thi c kne s s  red u c ti on rate.  
0049 - 006 1 
C a l l and return S u b ro ut i ne ME R I T .  
F i nd t he s u rface wh i c h does not 
h a ve 0 i n s ul a t i on wh i ch can be 
most e f f i c i en t l y  reduced to 0 . 
t 
0062 
Check i f  the re q u i red e q u i val e n t  bui l d i ng 
t herma l re s i s tance c a n  be ma i n ta i ne d .  
ru 
0063 - 0066 
Reduce i n s u l a t i on t h i c kness to 
O for t he op t i ma l  s urface . 
98  
99 
Subrout i ne MER I T  
0001 - 0 004 
T i t l e  and d i me n s i on va r i a b l e s . 
0005 - 0007 I 
I n i ti a l i ze vari a b l es . 
-
0008 - 00 18 
Ca l cu l a te re s i s tance for each s u rfac e .  
0019 
Comb i ne s u rface re s i s ta n ces to de tenni ne the 
eq u i v a l ent b u i l d i ng therma l re s i s tance . 
0020 
Yes C heck i f  the eq u i v a l en t  b u i l d i n g therma l re s i s t a nce No 
i s  g re a t e r  t n a n  or equa l to that req u i red • 
. � • If 
0022 - 0025 002 1 
C a l c u l a te the i n s u l ati on cos t .  Re turn the i n vers e cost 
equal  to 0 to Subrou t i ne OPT I N .  
i 
0026 - 0028 
Return the i n ve rse cos t mu l t i p l i ed 







Ti t l e .  
S ubrouti ne VENT 
0001 -,, 
0009 - 0020 
0002 ., 0006 
I n i t i a l i ze v a ri a b l es . 
i 
De termine t he psych romet r i c  � 0007 - 0008 � Ca l c u l a te t.he a n.i ma l  mo i s t ure p ropert i e s of i ns i de and o u ts i de a i r .  
p rodu c t i on t o  b e  remove d .  
� 
002 1 - 0022 0032 
Dete rmi ne i f  vent i l a ti on Nci Se l ect a vent i l a t i o n  rate greater 
for moi s t u re or temperature "" t h a n  that req u i re d  fpr a n i ma l  comfo rt.  r 
control i s  pos s i bl e .  ·-
002 3 
0024 
Ca l cu l a te the mass a i r f l ow ra te 
- Ca l c u l ate t he mas s  a i r fl ow rate , 
nec e s s a ry for tempe rat ure con t rol . 
nece s s a ry for mo i s t u re remo va l . 
� 
0 02s I No 
Check i f  ven t i l ati o n  for mo i s t u re remova l i s  ap pro p ri a te .  I i 
0026 - 0028 0029 - 0031 
Ca l c ul a te the vol umetri c ven t i l at i on Cal c u l a te the vo l um� t r i c ven t i l at i on 
rate fo r moi s t u re remova l . rate for tempera t � re con trol . 
� t •It 
Ca l c u l a te the ven ti l a t i on rate for a n i ma l  comfor t .  
0033 1 
0033 
Dete rmi ne if ven t i l at i o n for a n i ma l  comfor t  is l e s s  t han No 
that req u i re d for temperat ure and mo i s t u re contro l . 
0036 - 0041 
Ven ti 1 ate for tempera ture o r  mo i s ture contro l . Ve n t i l a te fo r a n i ma l  comfort . 
i + 
0042 
C a l c u l a te ven t i l a t i on hea t tra n s fer.  
If  the vent i l a t i o n h e a t  tra n s fe r  is  l es s  than t he i n f i l t ra t i on h e a t  tra n s fe r ,  
a s s ume t he ve n t i l a t i o n  heat t ransfer eq u a l  t o  the i n f i l tra t i on heat t ra n s fe r .  
0 0 4 5  - 0046 










Q. 0 0 _J 






S ub routi ne SOLAR 
T i t l e  and d i mens i on va ri a b l es . 
i 
I ncrement the hours from 1 to 24. 
i 
I n i t i a l i ze vari abl es . 
� 
Ca l cul a te the s o l a r  ang l e s  requi re d .  
� 
C a 1 cu1 ate t he sol a r  ene!·gy � nc i dent upon ea c h  s urface . 
� 
Ca l c ul ate the s o l ar energy transmi t ted di rectl y .  
i 
Conti n ue program. 
� 
0029 - 0030 
Re turn to the ma i n  program. 
10 1 
0001 - 0002 
0003 
0004 - 0006 I 
0007 - 0014 
00 1 5  .. 0026 
0027 
0028 
APPENDI X  D 









I N PUT D AT A  E C O N OM I C  D E S I GN DATA 
•• CO S T  O F  H E A T I N G  S Y S T E M  , DO L L A R S  
C O S T H V  • • • • 
C O S T HC • • • •  
C O S T = C O S T H V  • S Y S T EM C A P :  B T U S  + C O S THC 
C O S T F H • • • •  C O S T  O F  E N E R G Y FOR H E A T I NG S YS T E M  , DO L L A R S  P E R  
B T U  
O L I FH • • • • •  O E S I GN L I F E  O F  H E A T I NG S Y S T E M  , Y E A R S  
D L I F I N  • • • •  O E S I GN L I F E  O F  I N S UL A T I O N , Y E A R S  
R I N T • • • • • •  I N T E R E S T  R A T E , D E C I MA L  
* *  CO S T  O F  V E N T I L A T I O N S Y S T E M  , DO L L A R S  
c o s r v v  • • • •  
c o s r v c  • • • •. 
C O S T  = C O S T � V  * S Y S T E M  C A P .  C F �  + C O S TVC 
C O S T F v  • • • •  c o s r  OF E N E R G Y  F O R  V E N T I L A T I ON S Y S T E M  ' D OL L A R S  
P E R  K W H R  
O L I F V • • • • •  O E S I GN L I F E  O F  V E N T I L A T I O N S Y S T E M  , Y E A R S .  
* *  E N E R GY U S A G E  O F  V E N T I L A T I ON S Y S T E M  , K W H R  P E R  HR 
E N E R G Y  U S E D  = V E N T H  * CF M * * V E N T B  
V E N T M  • • • • •  
V E N T B • • • • •  
0 . 0 0 1 6 5  
2 2 1 . 0 0 0 0 0  
104 
0 . 0 0 0 0 0 4 3 4 80 
1 0 . 
2 0 .  
. 100 
o . o eooo 
o . o  
0 . 0 1 500 
10 . 
0 . 0 0 0 0 6 7 0  
1 . 0 00 000 
I N P U T  D A T A  M ON T H L Y  C L l � A T I C  DA T A  
JAN FEB M A R  A P R  M A Y  JUNE JULY AUG S E P T OC T NOV DEC 
T M A X • • • • • •  A V E R AG E  D A I L Y M A X l �U M  T E MP-
E R A T U R E  , D EG . F A H R E NH E I T  2 3 . 0  2 1 . 1 4 0 . l 5 7 . l  6 9 . 2  7 8 . 3  8 4  · "  8 2 . 9  1 3 . 5  6 1 . 2  u . 2  2 8 . 2  
T M I N  • • • • • •  A V E R AG E D A I L Y M I N I M U M  T E M P-
E R A T UR E  , D EG .  F AHR E N H E I T 2 . 4  5 . 9  1 8 . l  3 2 . 3  lt 3 . 5  5 3 . 8  5 8 . 3 5 6 . 3  lt6 . l  3 1t . 9  2 0 . 1  8 . 2  
V M A X  • • • • • • A V E R A G E  S T O .  D E V . O F  D A I L Y 
M A X . T E M P . � I T H I N  � O N T H  1 4 . 3 0 1 3 . 8 2 1 4 . 1 3  1 3 . 9 9  1 2 . 62 8 . 9 S  9 . 98 8 . 2 5  1 2 . 3 1  1 3 . 3 8 1 3 . 4 9 1 3 . 4 1  
V M I N  • • • • • •  A V E R A G E  S T O .  D E V .  O F . D A I L Y 
l . 9 9  1 1 . 0 8  i o . 5 1  1 1 . 1 9 1 3 . �o M I N .  T E M P . W I T H I N  M O N T H  1 4 . 48 1 5 . 2 2 1 2 . 4 3 9 . 5 8  1 0 . 05 8 . 04 8 . 2 8  
S PC T  • • • • • •  R A T l O O f  A V E .  A C T U A L  S C L AR R AO 
T O  T H E  P R E D .  C L E A R C A Y  R AO .  o . e2 o .  n 0 . 69 0 . 6 3  0 . 62 0 . 12 0 . 1 6 0 . 16 o . 1 s Q . 6 1  0 . 6 6  0 . 7 9 
S A  • • • • • • • •  S O L A R  C O N S T A N T  A SH R A E  H A N D B O OK 
O F  F UN D A M E N T A L S  , l q 12  P G .  3 8 7  3 9 0 .  385 . 3 7 6 .  3 6 0 .  3 5 -0 .  14 5 .  34 4 .  3 5 1 .  3 6 5 .  37 8 .  3 8 7 .  3 9 1 .  
s e  • • • • • • • •  SO l A R  C ON S T A N T  A SH R A E  H A N D B O OK 
O F  F UN D A M E N T A L S  , 1 9 1 2  P G .  3 81 . 14 2  o . 1 1t 1t  0 . 1 56 o . 1 e o  0 . 1 96 0 . 20 5  0 . 201 0 . 2 0 1  0 . 1 1 1  0 . 1 60 0 . 1 4 9  0 . 1 4 2  
s c  • • • • • • • •  S O L A R  C ON S T A N T  A SH R A E  � A N O BO O K  
O F  F UN D A M E N T A L S  , 1 9 7 2  P G .  3 8 7  . 0 5 8  0 . 0 60 0 . 0 1 1  o . 0 9 7  0 . 1 2 1  0 . 1 34 0 . 1 36 0 . 1 2 2  0 . 092 0 . 0 7 3 0 . 0 6 3  0 . 0 5 7  
D EC L  • • • • • •  S O L A R  ANGL E O F  D EC L . , RAD I ANS - 0 . 3 5 -0. 1 9  o . o  0 . 2 0  0 . 35 O . lt l  o . 36 0 . 2 1  o . o  -0 . 1 8 - 0 . 3 5 -0 . 4 1  
O A Y S  • • • • • •  O A Y S  P E R  MON T H  3 1 .  2 8 .  3 1 .  30 . 3 1 .  30 . 3 1 .  3 1 .  30. 3 1 .  3 0 .  3 1 .  
R HL • • • • • • •  A V E R A GE D A I L Y  M I N I MU M  RE L A T I VE 
H UM I C I T Y , D EC I M A L  o . 67 0 . 69 0 . 64 o . s 2  0 . 5 2  0 . 54 0 . 4 8  0 . 45 o . 5 2  o . s1t 0 . 6 1  0 . 6 9 
. RM H  • • • • • • •  A V E R AGE DA I L Y M A X I MU M R E LAT I VE 
HUM I D I T Y  , D EC I MAL 0 . 74 0 . 1 8 0 . 82 0 . 1 2  0 . 8<\ 0 . 87 0 . 86 o . a a  o . a1 0 . 8 1 0 . 82 0 . 1 8 
....... 
0 U'1 
I N, U T  o a u  S T R UC T U R A l  C U A  
VOl • • • • • • •  VOlU"E Of BU l l O I NG C AV I T Y  t CUB I C  P T  5 3 320 . 
A l s ... w AR E A H I  HO C I V C I C K l  S H I  T I NS S D K S  
R O O F  S UR F A C E  l 0 . 6 )  i . 2 0  2 1 0 8 .  1 . ..  6 . 0 . 0 40 0 . 1 5  0 . 2 1  . O l 3 3 . 5  l . 5 o . eo 
AO Ur ·s u R F  A C E  2 0 . 6 ) t . 2 0  2 1 0 8 .  l o  ft 6 . 0  . 0 4 0 0 . 1 5 O . l 1  . 0 3 1  J . 5  3 . S  o . eo 
W A L l  SUR F AC E  l o .  9 4  2 . 0 2 1 0 0 0 .  3 . 0  .. .  o . O 'o O  o .  t s  0 . 2 1  . 8 00 l . s  l . s  o . ao 
W A L L  S li A F A C. E  2 0 . 9'i 2 . 02 1 00 0 .  1 . 0  ft . O  . OltO 0 . 1 5 0 . 2 1  . 800 l . s  3 . S  o . eo 
W A L L SUR F AC E ) 0 . 9 'o  2 . 0 2  ft 6 7 .  1 . 0  .. . o  . O 'I O  0 . 1 5 0 . 2 7  . 80 0  3 . 5 3 . 5  o . eo 
W A L L  SIJR F AC E  " 0 . 9'1 2 . 0 2  'i 6 7 .  3 . 0  'i . O  . O 'oO 0 . 1 5 0 . 2 1  . eoo 3 . 5  3 . 5  o . eo 
P E W  l " E  H R  l 1 . 2 3  20 . 0 0  - 2 00 .  o . o o . o  . 0 1 5 0 . 1 5  2 . 00 . o s o  .. .  o o . o  o . o  
C E  l l l NC S UR F A C E  0 . " 7  1 . 0 2  lt O O O .  3 . 0  1 . 1i . 0 1 0  0 . 1 0 o . n  . o n  10 .0 ,. , 0 . 10 
• • •  V AA I ABl E S C E F 1 N E O  • • •  
R l • • • • • • • • I N I T I Al R E S I S T I V I T Y O F  S U R F ACE E XC l U O I NG C ON V E C T I V E - R A D I A T I V E  H E A T 
T R A N S F E R  t o E r F I C l t N T S t s t uo s ,  ANO A I R IN I N S UL A T I ON C AV I T Y • HR -F T - F T-DEG P/ITU 
. 
S HW o • • • • • • S P E C I F I C  H E:A T  OF SUR F ACE E XC L UD I NG I N SUL A T I ON C AV I T Y  t BT U/ F T -F T-DE G f 
A R E A • • • • • • S UR F ACE A R E A  E X C E P T  I N • T HE C A S E  OF A PE R I ME T ER S U R F A C E  WHEN I T  I S  T HE 
N E G A 1 1 V E OF F OUNO A J I ON l E NG T H  y F T - F T  OR F T  
H l • • • • • •� • I N S I C E C ON� EC T I VE - RAD I A T I VE HE AT T R AN SF E R COE F F I C I E NT t 8TU/HR- F T ­
F 1 - C C G  F 
HO• • • • • • • • OU T S I OE CONVE C T I V E  - A AD I A 1 1 VE H E A T  T R A N S F E R  COE F F
.
I C I ENT , B TU/HR- F T -. 
F T - C E G  F 
•• CO S T  OF I N � UL A Y I ON I NC L U D I NG I N S T A l L A T I ON C O S T S  PER UN I T  T H I CK N E S S  P E R  UN I T  
A R E A  t DOL L A R S / I NC H- F T - F f 
C O S T  • C I V  • I NCH E S I N SUL A T I CN + C I C  
K l o • • • • • � • CONOUC T I V I T Y  O F  I N SU l A T I ON P E R  UN I T  T H I C K N E S S  t 8 TU/HR-F T-F T-DEG F - I NCHES 
S H l • • • • • • • S P E C I F I C  � E A T OF I N SUL A T I CN PEA UN I T  T H I C K N E S S t BT U/ F T- F T -DEG F• I NCHE S 
T l N S  • • • • • •  M A X l �UM T •• l CKN E S S  OF l � S U L A T I ON Al l OW E O t I NCHES 
s o  • • • • • • • •  S T U O  D E P T H  I f  IN I N S UL A T I ON C A V I T Y • I NC HE S 
K S  • • • • • • • •  CONOUt 1 1 V l 1 Y  OF S T UD " A T E R I A l t 8 T U/ HA-F T - F T -O E G  F- I NCHE S S T U D  
' '  • • • • • • • • R A 1 1 0  OF I N S lll A T I O N C A V I  1 Y  AREA T O  T H E  C OM B I NE D  AREA O F  T UE I N SUlA-
T I ON A R [ A  P L U S S 1 U O  � R E A ,  UN L E S S  PER I ME T E R  SURF AC E IN WH I CH C A S E  TH I S  VALUE 
SttO U L O  BE ll L C A T I V F. t D E C I MA L  
C A • • • • • • • o T H E R � A L  C O N D UC T A N C E  OF A I R I N  I N SULA T I ON C AV I TY I F  N O T  I NCLUDED I N  
I N S I C C O R  O U T S I D E  C O N V E C T I VE - R AD I A T I VE HEAT T R AN SFER COEF� I C l EN T S  , ITU/HR­
F 1 - F 1 - 0 E G  F 
. .. o r A E C T I ON C O S I N E S  f O R H C O  8Y T � E  A N G L E  B E TWEEN THE NORMAL TO THE SURFACE ANO 
V E A T I C AL e W E S l t O R  SOU T H  t R A D I AN S 
cosv • • • • • • ANGL E B E T W E E N  NOR M A L  A hD V E R T I CAL 
cosw • • • • • •  ANC L E  B E T W E E N N C A M A l AhO W E S T  
c o s s  • • • • • •  ANC L E  8 E f W E E N  NOAH A L  · �o SOUTH 
A &  • • • • • • • •  A8 SOR8T I V I TY OF SURF AC E • DEC I MAL 
TR • • • • • • • •TRANSM I V I TY Of SURF ACE t DEC IMAL 
P l  
0 . 90 
0 . 90 
0 . 90 
0 . 90 
0 . 90 
0 . 9C 
- 1 .00 
O e 90 
C A C O SY c o s -. CO S S  A B u 
0 . 90 0 . 9ft 8  o . o  o .  3 1 6  0 . 92 o . o  
0 . 9 0  0 . 9'i 8  o . o  - 0 . 3 2 0  0 . 9 2 o . o  
0 . 90 o . o  o . o  - 1 . 000 o . so o . o  
o . 9o o . o  o . o  i .ooo o . so o . o  
0 . 90 o . o  - 1 . coo o . o  o . so o . o  
c . 9 0  o. o  • l . coo o . o  o . s o  o . o  
o . o  o . o  o . o  o . o  o . o  o . o  




Beef Confi nement , 200 Head , 18 s q  ft/head , 
50 F M i n i mum Temperature , _Brook i ngs , South  Da kota , 
1 2  hr-sq  ft- F/BTU I ns ul a t i o n  Level 
R E S I S T AN C E  E QU I V A L E N T  A V E  A O O E C = 1 2 . 00 H R - SQ F T  - D EG F / BTU 
T O T A L  AV E R A GE R E S I S TA N C E  = 1 5 . 1 3  H R - SQ FT - D E G  F / B TU 
C O S T  O F  I NS UL A T I O N : 
R O O F  S U R F A C E  1 
R O O F  S U R F A C E  2 
C E I L I N G S U R F A C E  
W A L L  S U R F A C E  1 
W A L L  S U R F A C E 2 
W A L L  S U R F A C E 3 
W A L L S U R F A C E  It 
P E R I M E T E R 1 
2 1 5 3 . 3 8  DOL L A R S  
A R E A  W A LL R E S .  I N S UL . AM T .  C O S T  I N S U L  
F T • F T  F T • F T • HR • O E G F / B T U  I NC H E S  D OL L A R S  
2 1 0 8 . 0 0  
2 1 0 8 . 0 0 
4 0 0 0 . 0 0  
1 0 0 0 . 0 0  
1 0 0 0 . 0 0  
4 6 7 . 0 0  
4 6 7 . 0 0  
- 2 e o . o o  
2 . 1 1 2  
2 .  7 1 2  
2 8 . 1 7 5  
1 2 . 3 5 9  
1 2 . 3 5 9  
1 0 . 61t 4  
1 2 . 3 5 9  
3 . 2 3 0  
o . o  
o . o  
1 . 00 0  
3 . 5 0 0  
3 . 5 0 0  
2 . 50 0  
3 . 5 0 0  
4 . 0 0 0  
o . o  
o . o  
1 2 4 0 . 0 0  
2 9 0 . 0 0  
2 9 0 . 0 0  
1 1 6 .  75 
1 3 5 � 4 3  
8 1 . 2 0  
1Q7 
� 
lll l'l · l 
A N N U A L  CO S T  A N A L Y S I S  
F I X E D  C O S T S  
H E A T I N G  S Y S T E M  , CO L L A R S • • • • • • • • • • • • • • • • • • • •  
V E N T I L A T I ON S Y S T E M  , D O L L A R S  • • • • • • • • • • • • • • • •  
I N S U L A T I O N C O S T S  , D O L L A R S  • • • • • • • • • • • • • • • • • • 
T O T A L  F I X E D  C O S T S , n O L L A R S  . . . . . . . • . . . . . . . . . 
O P E R A  T I NG C O S  T S  
H E A T I N G S Y S T E M  , D O L L A R S  • • • • • • • • • • • • • • • • • • • •  
V E NT I L A T I ON S Y S T E M  t CO L L A R S • • • • • • • • • • • • • • • •  
T O T A L  O P E R A T I NG C O S T S  , C O L LA R S  • • • • • • • • • • • • • 
T O T A L  A N N U A L  C O S T  , DOL L A R S  • • • • • • • • • • • • • • • • • • • • • •  
A C T U A L  I N I T I A L  C O S T S 
H E A T I N G  S Y S T E M  , D O L L A R S  • • • • • • • • • • • • • • • • • • • • 
V E N T I L A T I O N S Y S T E M  , D O L L A R S • • • • • • • • • • • • • • • •  
I N SU L A T I O N C O S T S  , D O L L A R S  ·· · · • • • • • • • • • • • • • • •  
T O T A L  I N I T I A L C O S T S  , OC L L A R S  • • • • • • • • • • • • • • •  
O P E R A T I NG S Y S TEM 
C A P A C I T Y Of H E A T I N G S Y S T E M  , B T U S  P E R  HOUR • •  
C P A C I T Y O f  V E N T  S Y S T E �  , C F � P E R  H OU R  • • • • • • • 
A N N U A L  H E A T I N G E N E R G Y  , � WH R S  • • • • • • • • • • • • • • •  
AN N U A L  V E N T I L A T I ON E N E R G Y ' K W H R S • • • • • • • • • • •  
1 3 0 . H 
6 0 1 . 0 1  
2 5 2 . 91t 
9 8 1t . 69 
7 5 2 . 50 
1 76 . 06 
9 2 8 . 5 6  
1 9 1 3 . 2 5  
8 0 3 . 3 5  
3 6 9 2 . 9 6 
2 1 5 3 . 3 8 
6 6 4 9 . 68 
3 5 29 39 . 69 
lt 6 1 6 2 . 00 
5 0 6 8 7 . 1 9  
1 1 7 3 7 . 39 
1 08 
II· 
COL C ll UTHfa CCNOU IONS 
N l,J M !I E ll  OF 110Ult S , 111lS • • • • •  • •  • • • • • • •  • • • • • t • • •  
S U P P L E " E N U L  H f A T  R E Q \J I P. E O  , 111 1.. • • • • • • • • • • • •  
V � ll f  I L A l I CI. R f (f\, I R E " E N T  , K .. -HRS • • • • • • • • • , • •  
TO T " L  CONC l..C T I O N  L O S S  , !1 1 U  • • • • • • • • • • • • • • • • •  
T O T A L  V E N T I L A T I CN LO S S  , !I l l.  • • • • • • • • • • • • • • • •  
TO T Al.. S O L A R  G A I N  t 8 T t;  • • • • • • • • • • • • •  . ,, • • • • • • •  
COS 1 O F  H E A T , COL L A lt  S • • • • • • • • . a • • • • • • • • • • • •  
cost O F  V EN T J L A T  I C N  • DCLLAllS • •  • • • • • • • • • • • • •  
NEUTlt&L WUTH,. COND I T IONS 
NUM!IElt OF HOUR S OF "'O I S T\;RE C ON TaOL , HU • • •  
l'O I S H J lt E V E N T I L A T I O N  R E C \; l lt E " E N T  , KW•HaS • • •  
M O I S T U R E  V E ll T I L A T I CN C O S T  , D C L L & ll S  • • • • • • • • •  
N U 14 !1 E ll  O F  HOUR S O f  T E " P E R A H . R E  C O h T lt O L  , HU 
T E M P . VE N T I L A T I O N  lt E C U I RU ' E t. T , 1(11-.H lt S  • • • • • •  
T fll P.  V E N T I L A T I ON C O S T  , DCLL&aS • • • • • • • • • • • • •  
H O T  WE&Tt�Ea CONDITIONS 
NUMBER OF MOU•S , HR S • • • e • • • • • • • • • • • • • • • • • • •  
V EN T I L A T I O N  RECU l ll E M E N T  , K .. •HRS • • • • • • • • • • • •  
T O T AL S OL A A  G A I N  , ll T l.J  • • • • • • • • • • • • • • • • • • • • • •  
C O S T  O F  YEliT l LA T l hG , DCLLA ll S  • • • • • • • • • • • • • • •  
M I N I M UM V E N T I L A T I ON R A TE , Cfll • • • • • • • • • • • • • • 
M A X I M UM V E N T I L A T I ON 11 & 1 E  , C F ll  • • • • • • • • • • • • • • 
llONfH NUlllU I 
C O L D  WUTHEa CONO l f lONS 
NUM l! E R  OF HOUll S • 11a s • • • • • • • • • • • • • • • • • • • • • • •  
SUP P L E M E N T AL H E A T  R E QU I R E D  , !ITU • • • • • • • • • • • •  
V E N T I L A T I O N R E Ql: I R E M E N T  , K li•HltS • • • • • • • • • • • •  
T O T AL CONCl.:C T I 0 "4  L O S S  , !I T U • • • • • • • • • • • • • • • • •  
T O T A L V E N T I L A T I ON L O S S  , 8 T I  .. · • • • • • • • • • • • • • • • •  
T O T A L  S O L A R G A I N  • B T U • • • • • • • 11t • • • • • , • • • • • • • •  
C O S T  O F  HE A T , D C l L A R S  • • • • • • • • • • • • • • • • • • • • • •  
CO S T OF V E N T I L A T I O N  t D C L L AllS • • • • • • • • • • • • • • •  
N E U T UL llUTHU COND I T I ONS 
NU M 8 E R  OF HOU R S  OF " O I S Tl..R E  C ON T ll O L  , Hll S • • •  
" O I S T U ll E  V f t. T I L & T I C N R E CL I R E l'f N T  , ll ll -Hll S • • •  
" O I S T UR E  V E N T I L A T I C '4 C.O S I  , OC L L A ll S • • • • • • • • • 
NU " B E A  OF i-.Oull S CF T E P' P E U T L A E  t O ,. T R C L  , HllS 
T E M P .  V E N T  IL Al 10" R E C U l ll E l' [ ll T  , K W-HM S • • • • • •  
T E "P V E N T I L A T I ON C C S T  , O O L LAllS • • • • • • • • • • • • •  
HOT W E A THER COND I T I ONS 
Nu .. eE• Of "40UI S ' ...  s • • • • • • • • • • • • • • • • • •  _. • • • •  
V f N T I L l T I ON lt E QU l ll f " [ N T , K .. -HRS • • • • • • • • • • • •  
T O T A L �GL A� G A I N  , B i l;  • • • • • • • • • • • • • • • • • • • • • •  
CO S T  O F  ll E N T l l l l l '"C. , OC l L All S • • • • • • • • • • • • • • •  
"' l li 1''UM ll [ N 1 1 L A T I C'li R A T E , CF lll • • • • • • • • • • • • • •  
"' A X l " U" V t N T l l l T I C' I'.  M A i t  , C H • • • • • • • • • • • • • • •  
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· 2 59. 41 
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n s 2 . 1 1  
l b lll lt . 4 1 
109 
C O L C  llUTHU CCND I Y IONS 
NUM B E R  OF "4DURS • t4R S • • • • • •• •. •• • • • • • • • •  • • • •  
S UPPL E '4 E N Y AL H E A T  R E CL I R E D  , ll T l.I  • • • • • • • • • • • •  
V E N T I L A T I CN R f C U I R E l' E t. T  , l< " • H A S  • • • • • • • • • • • •  
T O T A L C O N C L;C T I ON L O S S , I H U  • • • • • • • • • • • • • • • • •  
T C T A L V E N T I L A T I ON L O S S  , I H I.  • • • • • • • • • • • • • • • •  
T O T AL SOL A A.  GA I N t B T L  • • • • • • • - • • • • • • • • • • • • • •  
C O S T  O F  H l A T , DC L L A R S  • • • • • • • • • • • • • • • • • • • • • •  
CO ST O F  V E N T I L A T l l?N , DCL L A ll S  • • • • • • • • • • • • • • •  
N E
,
U TllAL WEA THER COND l l l ONS 
NU,.llER O F  HOUR S OF " O I S T�RE CONTRCL , HR S • • •  
l'O I S T U ll E V E N T I L A T I ON ll E C l; l lt E l' E N l  • IC ll•HltS • • •  
llO I S T UR E  V E N T I L A T I ON CO S T t Ot L L A ll S  • • • • • • • •• 
NU'4 e E R  Of HOUR S OF T E f'P E A AT LR E COloiTRCL , HRS 
T E M P .  V E N T I L A J I O N  R E C: li l R E l' E ll T  , ltll-HllS • • • • • •  
T EllP V EN T I L A T ION COST , DOLLARS • ••  • • • • • •  • • • •  
H O T  ll E ATHU COND I T IONS 
NU� B E R  Of �DUR S , H,. S • • • • • • • • • • • • • • •• • • • • ••  • 
Y E NT I L A T ICN R E CU I R E ll E N T  , IC"-Hll S • • • • • • • • • •• •  
T O T A L S O L A R  GA I N  , B T L;  • • • • • • • • • • • • • • • • • • • • • •  
COST O F  VENT I L A T I NG , DCLLA R S  • • • • • • • • • • • • • • •  
M I N I MUM V E N T I L A T I ON R A T E  , C F lll • • • • • • • • • • • • • •  
M A X I M UM V EN T I L A T I ON RATE , C F ll  • • • • • • • • • • • • • •  
COLO ll U T H E lt  COND I  Y IONS 
HUM ! E R  O F MOUAS , Hllt S • • • • • • • • • • • • • • • � · · • • • • •  
S UP P L E ll E N T Al H E A T R E Q L I R E C  0 B T U  • • • • • • • • • • • •  
Y E N T I L A T I C ll R E: C l: I R E P'! E " T , l< " - H ll S  • • • • • • • • • • • •  
T O T A L CONCUC T I ON L O S S  , ll T U  • • • • • • • • • • • • • •  • • •  
T O T A L Y E f'i T  I L A T I ON LO S S  , B T\,  • • • • • • • • • • • •  • • • •  
T O T .I L S O L A R  GA I N , B T L  • • • • • • • • • • • • • • • • • • • • • •  
C O S T  O F  H E A T  , C O L L A R S  • • • • • • • • •.• • • • • • • • • • • • • 
CO ST OF YEl'IT I L A T I ON , DCl L A ll S  • • • • • • • • • • • • • • •  
NEUTllAL W E A T HE R  COND l l l ONS 
NU l' ll E R  O f  HOUR S O F  MO I S T l:RE C O N T R OL t HRS • • •  
"O I S T U R E  \"E N T l l A T I ON H C L I R E l' E N T  , ltll-HRS • • •  
MO I S T U R E  V E N T I L A T I ON C :"· S T  t O C L l A R S  • • • • • • • •• 
NU M ! E R O� HOUR S Of T E � P E lt & T l R E  C O " T R C L  t HltS 
T E M P .  Y E N T I L ll T I ON R E C L I R E l' E " T  • Kii-H R S  • • • • • •  
T E M P  V E N T  l l A T l CN CO S T  t OCL L A ll S  • • • • • • • • • • • • •  
H O T  MUTHE R COND I T I ONS 
NU"' 8 E A  O F  HOUR S t t4R S • • • • • • • • • • • • • • • • • • • • • • •  
y p ; T  l l A T I P � R E C U I R l M l l\ T  , K .. - H R S  • • • • • • • • • • • •  
T O T AL SOl &A G & l ti.  t .8 T l. • • • • • • • • • • • • • • • • • • • • • •  
CO � T  O f  � l N T  l l A T I NG t OCl l ,tl ll S  • • •
.
• • • • • • • • • • • • 
' O N I HU H  Y f N f l l & t l llN Il i f f  t C F ll  • • • • • • • • • • • • • • . 
M A X l "U "  V t N T l l & l l ON I U T t  t• (f l' • • • • • • • • • • • • • •  
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6 3 1 1 14. lJ 
1 1906 1 24.00 
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. 11. 00 
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J . 2 2  
9 1 80. 16 
4 J H0.00 
1 10 
COL.D W U T H U  CONDI T IONS 
HUM 8 f R  OF HOU9' 5  ' Ha s • • •  · · · · · · · · · · · · · · · · � · · ·  
S UP P L E flE N T AL H E A T A E C � l ll E O  • en . • • • • •• • • • • • •  
V E h T  I L A T I CN IH: <; v l R E ll' E lli T  , 101-H • S  • • • • • • • • • • • •  T O T AL c; u:. c ut T I C;N L O S S  • e ru • • • • • • • • • • • • • • • •• T O T AL V E IH I L A T I ON LO S S , 8 H .  • • • • • • • • • • • • • • •• 
T P T AL S OL A R  G A i �  • 8 T L  . . . . . . . . . . . . . . . . .. . . . . � 
C O S T  Of Hf A l , O C L L A • S  • • • • • • • • • • • • • • • • • • •• • •  
CO S T O F  VEN l l l A T I O N  , OCL LAll S • • • • • •  • • • • • •• • •  
NEUTUL WEATHElt COND I T IONS 
NUM l! Ell O F  HOUll S OF M O l S TIJllE CON TltCL 1 HtlS • • •  
l' O I S T U R E  V E N T I L A T I ON R ( C\; I R E "' E h T  t 1tw ... tt a S  • •• 
MO I S T UR E V EN T I L A. T I O N �O S T , C C L L A ll S  • • • • • • • • <!  
NUM l! E lt  Of HOUR S O F  T E l'P E U T L R E  C ONTltCL t HltS 
T E M P .  V E ,., T I L A T  ! O r.  R E C U I A E l' E h T  , ltll-HllS • • • • • •  
TEMP V H H I LA T I C N  C O S T  t DCL L A lt S  • • • • • • • • • • • • •  
HOT W E A THER CONO I T IOlllS 
NUM ! E R  OF HCJUllS • H• S • • • • • • • • • • • • • • • • • • • • • • •  
V E N T I L A T I CN R E C U l ll E M E N T  , IC lo -HllS • • • • • • • • • • • •  
T O T AL S O L A R  G A I N , 8 Tl. • • • • • f • • • • •• • • • • • • • • • •  
CO S T O F  Y EN T
.
I L A T I N G  , D O L L A ll S  • • • • • • • • • • • • • • •  
M IN I MUM V EN T I L A T I ON ll ATE , CFM • • • • • • • • • • • • • •  
M A X I MUM V EN T I LAT I ON It-TE t C f fl  • • • • • • • • • • • • • •  
COLD W E ATHElt CCNO I T IOlllS 
NU Jlllll! E lt OF HOUR S , 'HR S • •  • •• • • •  • • • • • • • • • • • • •• •  
S U P P L E "' E N U L  H E A T  R E Q U I R E C  , l! TIJ • • • • • • • • • • • •  
V E N T I L A T I C N R E <; U I R E "'tl• T • K lo - H ll S  • • • • • • • • • • • •  
T O T A L CCNCUC T I O N  LGS S • e ru • • • • • • • • • • • • • • • • •  
T O T AL Y E ,.. T I L A T I ON LO S S t ll T L  • • • • • • • • •• • • • • • •  
T O T A L  S O L A R  G A l t4 ' a r t.. · · · · · · · · · · · · · · · · · · � · · ·  
C. O S T O F  .., E A T  , O C L L A R S • • • • • • • • • • • • • • • • • • • • • •  
C. O S T  O F  \I E N T I L A T I ON • D C L L A ll S • • • • • • • • • • • • • • •  
N E U T R AL WEA THEI! COND I T I ONS 
N U M ! E lt  CF HOUR S CF "'C I S Tl..R E  C ON TltCL • Hll S • • •  
l!'C I S T U R E  ll E "' T  I L A T  J ON D E C U I R E l' E ll T  t ll lo -H ll S  • • •  
l'IO l � T U R E \l l N T I L A T I ON C C S T  • O C L L A A S  • • • • • • • • •  
N\ • l' � t M  O f  t.OUR S O F  l E " P ( I U T L R E  C L ll T ll C L  , HltS 
1 E "P • V E ,.,  Tl L A T  ICN R U : l.. l lt E " E ll T  • lt li -H ll S  • • • • • •  
l f "P V E N T  I L A T I C N  C.O S T  • CCL L & • S  • • • • • • • • • • • • •  · 
H O T  WU T .. Ell CCND I T I ONS 
NUM P' E R  O f  HOUR S • H� S •• • • • • • • • • • • • •  • •  • • • • • • •  
\l f N T I L A T  I CN 1t U : 1,1 t R f l' l '- T  ' K lo - H ll S  • • • • • • • • • • • • 
TO T ll 50L All GA I N  ' B H .  • • • • • • • • • • • • • • • • • • • • • • 
co � •  OF ll E N l  I L A T I NG • D C l. L A ll !>  • • • • • • • • • • • • •  , .  
l'l l N l "IJ" V l N T I L A T l nN R A T E  :- ��= 
"' A X l l' U ,.  V t  N I  H A I  l llN I U l t:  
. " . . . . . . . . . . .  . 
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o . o  
112 . 00  
l l • · " 
J. ZS 
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z 3 1 . s 1  
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u u. n  
l S lUOZ.00 
1 6 .  '" 
1 " 9'19. U 
.. .. 000. 00 
1 1 1  
MONTH NUl'B E• 
COL D WUTHU CCND I Y IDNS 
HUMe E A  QF t-tOURS • ..as • • • • • • • • • • • • • • • • • • • • • •• 
SUPPL E M E N T•L H E A T  A E CU I REO • BTU • • • • • • • • • • • •  
V E N T  I L A T  J Cl\o R E l: l. I R E ,.. E t. T  • K "-HRS • • • • • • • • • • • •  
T O T • L  C ONCLC T I ON L O S S  • B T U  • • • • • • • • • • • • • • • • • 
T O T A L  V E N T I L A T I ON LO S S  • l!ITL • • • • • • • • • • • • • • • •  
T O T AL S O L AR CA I N  • 8 T L, • • • • • • • • • • • • • • • • • • • • • •  
cos t  O F  H E A' T  • DCLL"Alt S  • • • • • • • • • • • • • • • • • • • • • •  
COST OF V f h T  l L A  T I ON • DOLLA ll S  • • •  • • • • • • •  • • • • •  
NEUTRAL WUTHEa COND I T I ONS 
NUM B E R  O F  HOURS OF M O f S Tl;llE CONTROL • HltS • • •  
l' O I S T U ll E  Yfl';T I L A T I ON R E QU I R f l' E N T  • Kll-Hll S • • •  
M O I ST UR E  V E "' T l l A T I ON C O S T  • D CLLA llS • • • • • • • • • 
NUMeER OF HDUR S OF T E l' P E RA T L R E  C ONUICL • HaS 
T E MP .  V E ,., l l L A T  JON RE C U I R E l'E ll T t KW-HRS • • • • • •  
T E M P  V EN T I L A T ION COST • DOL L A R S  • • • • • • • • • • • • •  
H O T  W E A THER COND I T IONS 
NUMBE1t Cf titOURS , HRS • • • • • • • • • • • • • •  • • • • • • • • • 
V E N T I L A T I C N  R E Ct.; I R E ME NT • Kk-HRS • • • • • • • • • • • • 
T O T AL S O L A R  GA IN • B T U  • • • •  • • • • • •  • • • • • • •  • • • • •  
CO ST O F  V E N T  l l A T  I NG • DCL LAllS • • • • • • • • • • • • • • •  
M IN I MUM V E N T I L A T I ON R ATE C F ft  • • • • • • • • • • • • • •  
l' A X I MU" V E N T I L A T I ON R A T E  • C F M  • • • • • • • • • • • • • •  
fllONTH NUfll E• I 
COLD W E AT HER COND I T IONS 
NUMBER O F  HOURS , t4R S • • •  •• • • • • • • • • •  • • • • • • • • •  
S UP P L E M E N T AL H E A T  RE Q t.; f ll E D t B TU • • • • • • • • • • • •  
V E N T I L A l l CN R f (; L: I R E l' E ll l  • Kk-Hll S • • • • • • • • • • • • 
T O T AL CONCUC T J Ot. L O S S  • B T U  • • • • • • • • • • • • • • • • •  
T O T AL V E N T  I L A T  J ON L O S S  • en . • • • • • • • • • • • • • • • • 
T O TAL SOLAR GA I N  e 8 Tl,, • • • • • • • • • • • • • • • • • • • • • •  
c o s t  O f  H E A T • D C L L A R S  • • • • • • • • • • • • • • • • • • • • • •  
COST OF V EN T I L A T I ON · •  D C L L A ll S  • • • • • • • • • • • • • • •  
N E U T R AL W E l T H E R  <ONO I T IDNS 
NUMBER O F  HOUR S OF l'O I S T URE CONTROL • HRS • • •  
l' O I S T U R E  V E ,,. T I L A T I ON ll E C l: I R E P' EN T • K .. -HRS • • •  
Jl' :J I S T U R E  V E ,,. T I L A T I ON C O S T  • O C L L A R S • • • • • • • • •  
N U M B E R  O F  t'CUR S C F  T f " P E R A T L R E  C O ti T R C L  • HllS 
T E l' P . V E N T I L A I  1 0" R E Ql. I R E l' E h T  • llW-HllS • • • • • •  
T E MP V E N T I L A T I Ch C O S T  t D O L L A R S • • • • • • • • • • • • •  
H O T  wUTHElt COND I T IONS 
NU141!1 f lt  OF HOURS • HRS • • • .• •  •• • •  • • • • • • • • • •  • • • • 
V E N T l l l T I CN R E C\J I R E l' [ N T  • K .. -HllS • • • •' • • • • • • • •  
T O t AL SOL AA GA I N  • B l \J  • • • • • • • • • • • • • • • • • • • • • •  
CO ST O F  " C N T  l l A T I N G  • D C L L A ll S  • • • • • • •  • • • • • • • •  
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APPEND I X  E 
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Eng l i s h to Metr i c  Convers i on s  
T o  convert from To Mul t i p l y  by 
ft m . 3048 
sq ft m2 . 0929 
c u  ft m3 . 02832 
cu  ft/mi n  m�/mi n . 02832 
i n  cm . 3 937 
ps i µ/m
2 
6895 . 0  
BTU/ 1 b kwhr/ kg . 0006457 
BTU/ hr kw . 000292875 
BTU/ hr- sq ft- F  kw/m
2
- c  . 005674 
hr- s q  ft- F/ BTU m2-c/ kw 1 76 . 2  
BTU/ hr- sq ft- F/ i n  kw/m
2
- C/cm . 0 144 1 
F - 32 c C= ( F - 32 ) * . 5556 
